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The  following  work  has  been  prepared  to  meet  a  want 
experienced  by  myself  in  my  course  of  instruction  in 
Thermodynamics. 

After  reading  several  works  upon  the  subject,  including 
those  of  the  founders  of  the  science — Rankine,  Clausius, 
Thomson — I  was  most  favorably  impressed  with  the  spirit 
of  Rankine's  mode  of  discussing  the  subject.  It  is  in  keep- 
ing with  the  modern  method  of  treating  Analytical  Mechan- 
ics, in  which  the  analysis  is  founded  upon  ideal  conditions 
established  by  definitions,  and  the  resulting  formulas  modi- 
fied to  represent  the  infinite  variety  of  conditions  in  nature. 

But  Rankine's  giant-like  processes  are  not  adapted  to  the 
wants  of  the  average  student.  Article  241  of  his  Steam 
Engine  and  other  Prime  Movers  reaches  the  height  of 
sublimity  in  regard  to  terseness,  comprehensiveness,  and  ob- 
scurity. Without  a  proper  preliminary,  he  crowds  into  a 
few  words  a  principle  which  has  cost  other  writers  protracted 
labor  and  heroic  efforts  to  establish. 

My  aim  has  not  been  to  bring  down  the  subject  to  the 
comprehension  of  the  reader,  but  to  lead  him  up,  by  a  more 
easy  and  uniformly  graded  path,  to  the  same  height,  and  at 
the  same  time  familiarize  him  with  the  way  by  a  free  use  of 
illustrations,  exercises,  historic  references,  and  numerical 
examples. 
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IV  PREFACE. 

The  body  of  the  work  contains  a  development  of  the  es^ 
sential  principles  of  the  subject,  to  which  I  have  added  an 
Addenda,  for  the  purpose  of  enlarging  upon  the  matter  con- 
tained in  some  of  the  articles,  more  especially  those  pertain- 
ing to  vapors.  This  enabled  me  to  follow  the  thread  of 
the  subject  more  closely  without  turning  aside  to  consider 
applications  to  a  variety  of  substances,  and  to  enlarge  more 
freely  upon  those  secondary  matters  when  separated  from 
the  body  of  the  text. 

Special  attention  is  called  to  the  graphical  representation 
of  internal  work,  as  in  Figs.  36  and  37,  supposed  to  be  new, 
as  well  as  many  of  the  exercises  and  the  discussion  of  En- 
tropy^ or  the  Thermodynamic  Funetion. 

De  Yolson  Woon. 
HoBOKEN,  Sept.,  188S. 


THIRD  EDITION. 

The  treatment  of  the  theoretical  part  of  Thermodynamics, 
including  its  application  to  the  steam  engine,  as  far  as  page 
180,  is  the  same  in  this  edition  as  in  the  first  and  second 
editions.  Since  the  first  edition  there  have  been  added  the 
following  subjects  :  Vajwr  Engine  ;  Sterling's  Engine ; 
Ericsson's  Hot- Air  Engine  ;  Gas  Engine ;  Naphtha  Engine ; 
Ammonia  Engine ;  Steam  Injector ;  Pulsometer ;  Com- 
pressed-Air Engine  ;  The  Compressor ;  Steam  Turbine  ;  Re- 
frigerating Machines ;  Miscellaneous  matter  in  an  Addenda ; 
Combustion  of  Fuel ;  Steam,  Ammonia  and  other  Tables. 
The  Ammonia  Tables  have  been  computed  from  the  formu- 
las of  the  author  and  are  new. 

The  Author. 

August,  1889. 
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THERMODYNAMICS. 


CHAPTER  I. 

FUNDAMENTAL   PRINCIPLES   AND   GENEBAI.   EQUATIONS. 

1.  Heat  Is  energy, — Energy  is  a  capacity  for  doing 
work,  and  it  has  been  shown  in  many  ways  that  heat,  by  its 
action  upon  substances,  can  do  work.  Thus,  it  may  cause 
steam  to  drive  a  piston ;  it  causes  solids  and  liquids  to  ex- 
pand, and  changes  the  molecular  condition  of  bodies,  as 
when  solids  are  fused  or  liquids  vaporized.  Heat  is  also 
recognized  as  a  sensation. 

2.  Heat  is  not  material. — ^A  body  has  the  same 
weight  when  hot  as  when  cold.  Coimt  Rumf  ord,  in  179S,  dis- 
covered that  he  could  boil  a  large  quantity  of  water  by  the 
heat  produced  in  boring  a  piece  of  cannon.  Sir  Humphry 
Davy  (about  1799)  melted  ice  by  rubbing  two  pieces  to- 
gether without  .heat  being  imparted  to  them. 

3.  Heat  consists  of  a  motion  of  the  particles 
of  a  body. — The  only  known  method  of  directly  meas- 
uring energy  is  by  a  combination  of  mass  and  velocity ;  thus, 
if  m  be  the  mass  of  a  body  and  v  its  velocity,  then  will  its 
kinetic  energy  be  i  7nv*,  The  mass  being  constant  while  the 
body  is  heated  we  infer  that  its  heat  energy  is  produced  by 
the  velocity  of  its  mass  elements.  These  motions  are  in- 
visible, and  hence  tlieir  character  can  only  be  inferred ;  it 
may  be  a  motion  of  the  ultimate  atom,  or  of  an  atmosphere 
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about  the  atom,  a  vibratory  or  periodic  motion  of  some  kind, 
or  a  combination  of  simple  motions.  It  is  probably  not  a 
to-and-fro  rectilinear  motion  of  the  molecule.  A  develop- 
ment of  the  theory  of  heat,  fortunately,  does  not  require 
a  knowledge  of  this  motion,  or  even  a  particular  hyiK)the8i8, 
l)eyond  the  fact  thatthere  is  a  motion  of  some  kind.  Rankine 
constructed  an  hypothesis  called  "molecular  vortices,"  from 
which  he  deduced  many  important  consequences  pertaining 
to  heat.  (See  Edinburgh  Trans,^  vol.  xx. ;  PhUodophical 
Mag.,  1851  and  1865.) 

4,  Velocity  of  heat. — The  perfect  identity  of  the 
laws  of  radiant  heat  with  those  of  light  as  to  reflection, 
refraction,  interference  and  absorption,  and  tlie  identity  of 
their  velocities,  being  186,300  miles  per  second,  requires 
essentially  the  same  theory  as  to  their  nature  and  mode  of 
propagation.  Electricity  is  also  a  form  of  energy  and  gov- 
erned by  laws  similar  to  tliose  of  heat.  As  light  is  trans- 
mitted by  means  of  a  subtle  ether  pervading  all  space,  and 
called  the  luminiferous  eihe)\  so  it  is  believed  that  the  same 
ether  transmits  heat,  electricity  and  magnetism.  (See  Ap- 
pendix.) 

5.  Heat-energry  Is  measured  only  by  Its  ef- 
fects.— The  kinetic  energy  of  a  mass  may  be  computed  if 
its  mass  and  velocity  are  known,  or  it  may  be  determined  by 
the  work  it  does  in  being  brought  to  rest,  but  since  the  ve- 
locity of  the  particles  producing  heat  cannot  be  measured, 
heat-energy  can  be  measured  only  by  its  eflEects.  Thu8,»if 
a  ball  of  hot  iron  would  just  melt  one  pound  of  ice,  and 
after  being  heated  again  would  just  melt  two  pounds  of  ice, 
then  would  the  ball  in  the  second  case  have  contained  twice 
the  heat  above  the  melting-point  of  ice  that  it  did  in  the 
first  case.  Similarly,  it  requires  about  twice  as  much  heat 
to  raise  the  temperature  of  a  given  amount  of  water  two 
degrees  as  it  does  one  degree.    The  same  principle  applies 
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to  other  bodies  of  one  substance  having  different  weights 
and  to  bodies  composed  of  different  substances,  or  to  hetero- 
geneous substances.  For  scientific  purposes  some  specific 
effect  must  be  assumed  as  a  stwndard^  and  considered  as  a 
unit, 

6.  The  thermal  unit  is  the  heat  necessary  to  raise  the 
temperature  of  unity  of  w^i^t  of  water  at  its  maximum     l^o/^  / 
density  one  degree.  / 

"Water  is  at  its  maximum  density  at  39.1°  F.  (4°  C).  Ac- 
cording to  the  experiments  of  Kopp,  its  volume  is  1.00012 
at  32°  F.,  1,00000  at  39.1°  R,  1.00011  at  46°  F.,  and  1.04312 
at  212°  F. 

TTie  British  Thermal  Unit  (B.  T.  TJ.)  is  the  heat  neces- 
sary to  raise  the  temperature  of  one  pound  of  water  f  j*om 
39°  F.  to  40°  F. 

The  French  Calorie  is  the  heat  necessarv  to  raise  the  tern- 
perature  of  one  kilogramme  of  water  from  4°  C.  to  5°  C,  and 
Ito^f^X   16,3.968  times  the  B.  T.  U. 

Some  writers,  in  defining  the  thermal  unit,  start  the  meas- 
urement with  the  temperature  of  melting'  ice,  instead  of  at 
39°  F.,  and  although  there  is  but  little  difference  between 
the  two  values  thus  obtained,  yet  for  scientific  purposes  and 
for  physical  reasons,  the  latter  is  preferable,  and  should  be 
generally  adopted. 

7.  Work. — When  heat-energy  disappears  as  heat,  it  must, 
according  to  the  principles  of  the  conservation  of  energy, 
appear  or  exist  in  some  other  form  of  energy.  When  the  heat 
in  steam  drives  the  piston  of  an  engine,  the  steam  loses  heat 
by  the  operation,  and  an  exact  equivalent  of  the  energy 
so  disappearing  reappears  as  work  done  or  as  energy  in 
the  moving  parts  of  the  engine,  no  allowance  being  made  in 
this  illustration  for  losses  due  to  radiation  or  friction.  To 
aid  one  in  this  conception  conceive  that  one  end  of  the  cyl- 
inder is  filled  with  small,  perfectly  elastic  balls,  bounding 
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and  rebounding  between  the  head  of  the  cylinder  and  the 
piston ;  they  will,  by  their  continued  action,  produce  a  pres- 
sure'upon  the  piston.  If  the  piston  moves  forward  the 
energy  of  tlie  balls  will  be  diminished,  as  is  shown  in  me- 
chanics in  the  discussion  of  the  impact  of  elastic  bodies,  and 
this  loss  of  energy  will  equal  that  imparted  to  the  piston,  or, 
if  the  piston  moves  uniformly,  equal  to  the  work  done.  In 
general,  when  heat-energy  disappears  it  is  said  that  an  equiv- 
/  alent  amount  of  work  has  been  done,  although  the  entire 

,  work  may  not  be  visible  energy.     Some  of  it  may  produce 

molecular  changes  in  the  substance.     In  the  preceding  illus- 
tration, if  the  piston  be  forced  inward  against  the  rebound- 
^      ,     Tf       ing  balls,  their  velocity  will  be  increased,  and  hence  their 
|Z.i7  cii^rgy  will  be  increased  by  an  amount  equal  to  the  work 

I  '  imparted  to  them  by  the  piston. 

8«  Internal  work  is  some  kind  of  effect  produced 
upon  the  molecular  character  of  a  substance.  Thus,  if  one 
pound  of  water  at  32°  F.  be  mixed  with  one  lb.  at  33°  F.  it 
will  produce  two  pounds  of  water  at  32^°  F.,  but  if  one 
pound  of  ice  at  32°  F.  l)e  mixed  with  1  pound  of  water  at  33° 
F.  the  temperature  of  the  mixture  will  be  32°  F.  Indeed, 
it  is  found  by  experiment  that  it  will  require  about  144 
pounds  of  water  at  33°  to  melt  one  pound  of  ice  producing 
145  pounds  of  water  only  a  very  little  above  32°  F.,  so  that 
nearly  all  the  heat  between  32°  F.  and  33°  F.  in  the  144 
pounds  of  water  is  necessary  to  change  solid  water  (ice)  at 
32°  to  liquid  water  at  the  same  temperature.  Similarly,  a 
large  amount  of  heat  is  absorbed  in  changing  liquid  water 
at  212°  F.  to  gaseous  water  (steam)  at  the  same  temperature. 
This  disgregation  of  the  molecular  structure  is  called  internal 
work^  or  energy  of  a  potential  f onn. 

9.  Tlfe  actual  heat-energy  of  a  substance  is  de- 
pendent upon  its  temperature.  The  heat  absorbed  by  a 
substance  may  do  external  work,  as  in  driving  a  piston,  and 
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internal  work,  as  8ho¥ni  in  the  preceding  article,  and  in  ad- 
dition to  both  it  may  increase  the  temperature  of  the  sub- 
stance, thus  increasing  its  energy.  The  last  is  called  actual 
energy.  The  actn^  energy  is  some  function  of  the  tempera- 
ture. 

10«  liatent  heat  is  heat  which  produces  effects  other 
tlian  that  of  change  of  temperature.  Strictly  speaking,  it  is 
not  heat,  but  is  a  measure  of  the  heat  which  has  been  de- 
stroyed in  producing  effects  other  than  that  of  changing  the 
actual  energy  of  the  substance.  Thus,  heat  becomes  latent 
in  producing  changes  in  the  state  of  aggregation  of  the  sul>- 
stauce,  as  in  fusion,  vaporization  or  sublimation ;  and  as  defined 
in  Article  8,  constitutes  internal  work.  But  it  also  becomes 
latent  in  doing  external  work  by  expansion,  and  if  the  tem- 
perature be  maintained  constant  during  expansion,  the  heat 
destroyed  in  doing  the  work  is  called  the  latent  heat  of 
expansion, 

11.  General  expression, — The  total  heat  in  a  defi- 
nite weight  of  any  substance  is  unknown,  although  if  gases 
were  perfect  it  might  be  computed,  as  will  hereafter  be 
shown ;  but  it  is  possible  to  find  expressions  for  the  heat  ab- 
sorbed in  passing  from  one  known  state  to  another,  for  we 
have 

Seat  absorbed  =:  change  of  actual  energy  +  change  of 

potential  energy  +  external  work  ; 

=  total  change  of  internal  energy  -f-  exter- 
na]^ worh  / 

=  change  of  actival  en-ergy  -|-  total  work. 

In  this  expression  the  total  internal  energy  includes  all  the 
heat  involved  both  in  changing  the  temperature  and  the  in- 
ternal structure  of  the  substance. 

1!3«  Temperature  is  a  condition  of  relative  heat.  Ex- 
perience shows  that  when  two  bodies,  one  hotter  than  the 
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other,  are  near  each  other,  the  hot  body  becomes  cooler  and 
the  cooler  one  hotter.  Heat  of  itself  passes  from  a  hotter  to 
a  colder  body,  and  this  process  cannot  be  reversed  except  by 
an  expenditure  of  mechanical  energy.  The  hotter  body  if* 
said  to  have  a  higher  temperature  than  the  colder  one. 

Temperature  is  not  an  indication  of  the  quantity  of  heat 
absorbed  by  a  body,  nor  of  the  amount  of  heat  in  a  body, 
but  of  the  intensity  of  the  heat.  Thus,  if  a  pound  of  iron 
has  the  same  temperature  as  a  pound  of  water,  the  latter  will 
contain  about  eight  times  as  much  heat  as  the  former  for  each 
degree,  as  would  be  found  by  putting  each  pound  into  an- 
other quantity  of  some  liquid  at  a  different  temperature. 

Temperature  is  a  measure  of  the  sensible  heat — that  is, 
actual  heat — wliich  can  affect  the  senses. 

13.  Therm ometers  are  instruments  for  measuring 
differences  of  temperature.  The  more  common  ones  depend 
for  their  action  upon  tlie  expansibility  of  a  liquid — such  as 
mercury  or  alcohol.  The  liquid  is  confined  in  a  tube  as 
nearly  cylindrical  as  possible,  within  which  it  expands. 
When  the  expansion  of  metals  is  employed  for  determining 
temperature,  the  instruments  used  are  called  pi/ronieters. 

The  air  thermometer  depends  'for  its  action  upon  the 
pressure  produced  by  heat  at  constant  volume. 

All  thermometers  have  two  Jlxed points  :  one  the  melting 
point  of  ice,  the  other  the  boiling  point  of  water  at  atmos- 
pheric pressure. 

The  melting  point  of  ice  is  a  more  nearly  fixed  point 
than  the  freezing  point  of  water.  In  some  carefully  con- 
ducted experiments  water  has  been  reduced  several  de- 
grees below  the  ordinary  freezing  point,  32°  F.,  before  freez- 
ing. To  secure  such  a  result,  the  water  must  be  kept  in  a 
condition  of  as  perfect  rest  as  possible.  Tlie  boiling  point 
of  water  depends  upon  the  pressure  to  which  it  is  subjected ; 
and  since  the  pressure  of  the  atmosphere  is  continually 
changing,  as  shown  by  the  barometer,  the  pressure  of  one^ 
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atmosphere  nmst  he  fixed  for  scientific  purposes.  The  vahie 
determined  by  Begnault,  and  now  generally  adopted,  is 
2116.2  pounds  per  sqnare  foot^  or  14.7  pounds,  very  nearly, 
per  square  inch.  In  determining  the  boiling  point  of  water  the 
thermometer  should  be  placed  in  the  vapor  near  the  water. 

The  Fahrenheit  scale  has  180  equal  divisions  between  the 
fixed  points,  and  the  zero  of  the  scale  is  32  such  divisions 
below  the  melting  point  of  ice.  It  is  designated  by  F.^  or 
Fahr. 

The  Centigrade  scale  has  100  equal  divisions  between  the 
fixed  points,  its  zero  being  at  the  lower  or  melting  point  of 
ice.  It  is  indicated  by  C.  It  is  sometimes  called  the  Celsius 
scale. 

The  Reaumur  scale  has  80  equal  divisions  l>etween  the 
fixed  points,  its  zero  being  at  the  lower. 

To  reduce  the  readings  of  one  scale  to  those  of  another, 
tlie  follow^ing  equations  may  be  used  : 

C=-|(i^-32°);  F^  I  (7+32°;  B  ^  \  C. 

The  construction  here  implied  assumes  that  liquids  ex- 
pand equally  for  equal  quantities  of  heat,  and  that  the 
tubes  containing  them  are  uniform ;  but  neither  of  these 
conditions  are  exactly  realized,  the  practical  considerations 
of  which  belong  to  Thermometry, 

14.  The  Air  Thermoineter. — In  order  to  gain  an 
idea  of  an  elementary  air  thermometer,  conceive  a  small, 
perfectly  cylindrical  tube  closed  at  the  lower  end  to  contain 
a  quantity  of  air,  limited  at  its  uj)per  end  'by  a  drop  of 
mercury  acting  as  a  piston.  Subject  this  instrument  to  the 
temperature  of  melting  ice  under  the  pressure  of  one  atmos- 
phere, 29.922  inches  of  mercury,  and  mark  the  upper  end  of 
the  air  column  ;  then,  next  subject  it  to  the  temperature  of 
boiling  water  under  the  same  pressure  and  mark  the  upper 
end  of  the  air  column  at  this  temperature.  The  two  marks 
will  be  ihe  fixed  points  before  described.     If  the  length  of 


8  THERMODYNAMICS.  [16.] 

the  column  from  the  lower  end  to  the  lower  mark  be  unity, 
then  will  its  length  to  the  upper  mark  be  1.3665  as  found  by 
Kegnault.  The  expansion  is  0.3665  of  its  original  volume. 
For  the  Fahrenheit  scale  the  space  between  the  fixed  points 
would  be  divided  into  180  equal  parts,  and  hence  each  part 
would  be  ^fii^-  =  0.00203611  of  the  distance  below  the 
lower  fixed  point.  If  the  length  below  the  lower  fixed  point 
be  divided  into  equal  parts  of  the  same  magnitude,  the  num- 
ber of  such  spaces  will  be, 

1  180 


0.00203611       0.3665 


=  491.13. 


If  these  parts  are  numbered  according  to  the  natural 
numbers,  0,  1,  2,  3,  etc.,  beginning  with  zero  at  the  extreme 
lower  end  of  the  tube — called  the  absolute  zero  of  the  air 
thermometer — then  would  the  temperature  of  melting  ice 
be  491.13'^  F.  from  the  absolute  zero  of  the  air  thennometer, 
and  that  of  boiling  water  671.13°  F.  from  the  same  zero. 
If  air  were  a  perfect  gas,  this  would  constitute  an  absolute 
scale,  but  as  it  is  not,  a  correction  is  required  in  order  to  es- 
tablish such  a  scale.  For  air  thermometers  the  pressure  at 
constant  volume  is  commonly  used,  instead  of  the  volume  at 
constant  pressure  as  above  described. 

15.  A  perfect  gan  is  defined  to  be  such  that,  under  a 
constant  pressure,  its  rate  of  expansion  would  be  exactly 
equal  to  its  rate  of  increase  of  temperature,  and,  the  volume 
being  constant,  increments  of  pressure  will  be  equal  for 
equal  increments  of  heat.  In  other  words,  it  would  be  a 
substance  in  which  no  internal  work  would  be  done  by 
changes  of  temperature  or  pressure.  No  such  substance  is 
known — it  is  ideaJ,  subjected  merely  to  a  definition  and  to 
laws  to  be  assigned — and  yet  it  is  of  great  service  in  this 
science.  The  idea  of  a  perfect  gas  was  the  result  of  ex- 
periments upon  existing  gases,  as  air,  oxygen,  hydrogen,  etc., 
which,  at  first,  were  supposed  to  be  represented  by  the  per- 
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feet  law.  In  mechanics,  at  the  present  time,  the  bodies 
treated  are,  at  first,  the  subjects  of  definition,  and  considered 
perfect,  as  perfect  solida^  perfect  liquids^  perfectly  elastioy 
etc.,  and  the  results  obtained  from  these  hypotheses  made 
practical  by.  the  introduction  of  moduli  the  values  of  which 
are  found  by  experiments.  The  same  method  is  adopted  in 
this  science. 

16«  An  absolute  scale  is  one  whose  divisions  would 
be  indicated  by  a  perfect  gas  thermometer.  On  such  a 
scale  the  divisions  would  be  exactly  equal  for  equal  incre- 
ments of  heat  down  to  the  zero  of  the  scale.  Since  a  per- 
fect gas  is  unknown,  the  zero  of  the  absolute  scale  can  be 
determined  only  approximately  by  computation,  as  will  be 
shown  hereafter,  where  the  best  result  yet  obtained  fixes 
it  at  492.66**  F.  below  the  melting  point  of  ice.  The  letter 
F.  here  affixed  implies  that  there  are  180  divisions  between 
the  fixed  points,  as  in  Fahrenheit's  scale.  This  zero  on  the 
centigrade  scale  is  |  of  492.66°  =  273.7°  C.  Temperature 
on  the  absolute  scale  will  generally  be  indicated  by  the 
Greek  letter  r,  and  the  temperature  of  melting  ice  by  r^. 
If  T°  F.  indicate  the  temperature  from  the  zero  of  the  Fah- 
renheit scale,  and  T°  C.  from  tlie  zero  of  the  centigrade 
scale,  we  will  have 

r.  =  492.66°  F  =  273.7°  C. 

r  =  460.66°  J5^-f  T"  F. 

=  273.7°  0-^  r  a 

It  is  found  that  air  is  so  nearly  a  perfect  gas  within  the 
ranges  of  temperature  and  pressure  for  which  it  has  been 
tested  that  it  may  be  considered  as  such  for  all  practical 
purposes,  and  will  be  so  considered  theoretically  except  in 
the  determination  of  the  place  of  the  zero  of  the  absolute 
scale.  Further,  the  ordinary  mercurial  thermometer  agrees 
sufficiently  well  with  the  air  thermometer  for  the  more  or- 
dinary ranges  of  temperature  met  with  in  engineering  prac- 
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tice  to  be  used  in  such  cases.  But  for  scientific  purposes 
and  for  extreme  cases  in  practice,  the  difference  is  too  large 
to  be  ignored.  Regnauit  found  that  when  the  air  tlier- 
mometer  marked  630°  F.  above  the  melting  point  of  ice,  the 
mercurial  thermometer  indicated  651.9°  above  the  same 
point,  a  difference  of  about  22°.  Liquids  generally  expand 
more  rapidly  the  higher  the  temperature. 

1 7  •  The  absolute  zero  of  temperature  is  the 

zero  of  the  absolute  scale,  and  corresponds  to  the  condition 
of  total  deprivation  of  heat ;  at  which  temperature  no  sub- 
stance could  exercise  any  expansive  power.  This  tempera- 
ture has  never  been  reached,  and  the  nearest  approach  to  it 
has  been  produced  by  expansion  in  liquefying  air,  oxygen  and 
nitrogen,  reaching  — 373°  F.  (—225°  C),  or  more  than  ^  the 
distance  from  the  zero  of  Fahrenheit  to  the  absolute  zero. 
(Compter  Rend'iiH^  Feb.  9,  1865;  Joni\  Frank,  Inst^  Sept. 
1886,  p.  213).  The  absolute  zero  is  about  492.66-491.13 
=  1.5  degrees  Fahr.  below  the  zero  of  the  air  thermometer, 
as  computed  on  the  hypothesis  of  the  same  rate  of  contrac- 
tion of  air  below  32°  as  from  32°  to  212°.  This  law  might 
change  as  the  temperature  was  extremely  reduced,  but  it 
would  continue  uniform  for  the  ideally  perfect  gas. 

18.  The  equation  of  a  gas  is  an  equation  expressing 
a  continuous  relation  between  its  volume,  pressure  and  tem- 
perature throughout  a  finite  range  of  the  same.  Let  p  be 
the  pressure  on  a  unit  of  area  of  the  substance  when  the 
volume  of  one  pound  is  v  and  absolute  temperature  is  t, 
then,  generally, 

which  may  be  considered  as  the  equation  to  a  surface,  called 
the  theniwdynamie  surface. 

19.  Equation  of  a  perfect  gas. — According  to  the 
definition  in  Article  15, 

{j)\  oc  r,  and  (?%  oc  t. 


ifi 
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where  tlie  subscripts  represent  the  quantities  which  are 
constant  while  the  others  vary,  and  combining  these  in  one 
expression,  we  have 

or,  £v  _ p,v,  ,^. 

r  r,    ' 

where  p^^  v„  r,  are  contemporaneous  fixed  values.  Let  j>^ 
be  the  pressure  of  one  atmosphere,  r,  the  absolute  temper- 
ature of  melting  ice,  and  v^  the  volume  of  one  pound  of  tlie 
gas  at  that  pressure  and  temperature,  then  will  equation  (1) 
become 

.PJi  = /_iJ^  =  i?  (say),  (2) 


r. 


which  is  the  equation  required.     The  values  of  p^  and  r, 

have  already  been  given  and  are  independent  of  the  nature 

of  the  gas,  but  t\  depends  upon  the  density  of  the  gas.     A 

cubic  foot  of  dry  air  weighs  at  sea  level  at  the  temperature 

of  melting  ice 

?r,  =  0.080728  |K)unds ; 

hence, 

1 

V.  = =  12.387 ; 

0.08072S 

.  p^\  ^    2116.2  X  12.387  ^  26214  ^  ^3  ^^ 
"     r,.        "         492.00  492.00  '     ' 

when  r,  is  measured  from  the  zero  of  the  absolute  scale ; 
but  if  it  be  from  the  zero  of  the  air  thennometer,  we  have 

^-^  =  -2^1?ll  =  63.37; 
r,  491.13  ' 

and  equation  (2)  becomes, 

for   the  absolute    scaU^pv  =  53.21  t,  (3) 

for  the  air  thennometer^  p  v  =  53.37  r,  (3') 

For  French  units,  let 

j>t'  =s  the  pressure  of  one  atmosphere  in  kilogmmmes  per  square  metre 


i.*^< 


iv/) 
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«o'  =  the  volume  of  a  kilogramme  of  the  gas  in  cubic  metres, 
To'  =  the  absolute  temperature  of  melting  ice  on  the  centigrade  scale ; 
then 

po'jo/  _      2.2    ^'         (8.28)'*    ""  _       1_^  p.  Do 
re'  4  To  1.8222     u    ' 

\^     which  for  air  becomes  in  kilogramme — metre — centigrade  units  (k.  m.  c). 
omitting  the  accents, 
(JS  1>  «  =  29.20  r; 

\i       Y^'  and  in  decimetre — kilo. — centigrade  units, 

*  i>  t>  =  2.»a0  r. 

20.  Marlotte's  law. — If  the  temperature  be  con- 
stant, equation  (2)  shows  that  the  Tolume  varies  inversely  as 
the  pressure  ;  a  law  discovered  by  direct  experiments  upon 
gases,  and  known  as  Mariotte's  law,  supposed  by  some  to 
have  first  been  discovered  by  that  investigator,  but  by  others 
this  credit  is  given  to  Boyle.  For  a  time  after  the  announce- 
ment of  the  law  it  was  supposed  to  be  perfect  for  the  so- 
called  permanent  gases,  but  miore  refined  experiments  have 
shown  that  the  actual  law  governing  them  is  only  a  very 
close  approximation  to  it. 

21.  Law  of  Gay  Lussac  (or  of  Charles). — According 
to  equation  (2),  if  the  pressure  be  constant,  the  volume  will 
increase  directly  as  the  temperature,  or 

dv  =^  —  dr^ 
P 

a  law  discovered  by  Gay  Lussac  (or,  according  to  some,  by 

Charles)  by  experiments  upon  actual  gases,  and  known  as 

the  law  of  Gay  Lussac.     At  first  it  was  supposed  to  be  the 

perfect  law  of  the  so-called  permanent  gases,  but  it  is  now 

known  not  to  be  exact  though  very  nearly  so.     Originally, 

it  was  not  stated  in  terms  of  the  absolute  temperature,  as  that 

term  was  not  then  known,  but  the  law  of  the  increments  is 

the  same  on  any  thermometric  scale. 

22.  The  so-called  imperfect  gases  include  all 
such  as  cannot  be  represented  with  sufficient  accuracy  by 
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equation  (2).  All  known  gases  are  imperfect,  strictly  speak- 
ing, but  the  permanent  gases  are  so  nearly  perfect  that  they 
may,  for  engineering  purposes,  be  considered  as  perfect.  No 
single  formula  can  represent  exactly  the  law  of  imperfect 
gases,  but  the  most  comprehensive  one,  and  one  which  may 
be  made  to  represent  actual  substances  with  sufficient  ac- 
curacy for  practical  purposes,  was  deduced  by  Kankine  from 
his  theory  of  Molecula/r  Vortice^^  and  is 

Z^  =  i^_^_:^_?L_tfe<!.,  (4) 

in  whicli  a„  «„  a„  &c.,  are  functions  of  the  density  to  be 
determined  by  experiment ;  but  as  the  theory  here  referred  to 
is  not  a  recognized  part  of  science,  the  formula  is  accepted 
only  so  far  as  it  conforms  to  the  results  of  experiment. 
(Rankine's  Sc.  Papers^  32.) 

For  carbonic  acid  gas  the  form  of  the  equation,  as  con- 
firmed by  the  experiments  of  Regnault,  becomes 

v=2i^r-J-.=  Er  -  ^,  (5) 


P 


r,  rv  TV 


in  which  j).  =  3116.2,  v,  =  8.1572,  p,  v.  =  17262,   r.  = 
492.66°,  h  =  481600 ; 

,,p=85l-*J^.  .    (6) 

Sir  William  Thomson  and  Dr.  Joule  used,  for  imperfect 
gases,  the  formula,  x 

in  which  for  air  the  constants  for  French  units  are 

B  =  2.8659,  a  =  771386,  ft  =  844560,    y  =  214325840. 
(Phil.  Trans.  [1854],  cxliv.,  360). 

23.  Thernial  lines. — Any  line  the  co-ordinates  of 
which  represent  the  contemporaneous  relation  between  the 
pressure,  volume,  and  temperature  of  a  body  subjected  to 
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thermal  conditions,  is  a  thermal  line.  Ideally,  it  may  be 
any  line  on  a  thennodynamic  surface ;  actually,  the  projec- 
tion of  a  thermal  line  on  any  one  of  the  co-ordinate  planes 
is  called  a  thermal  line,  and  geometrically  it  is  called  the 
path  of  the  f/aid^  although  the  latter  refers  to  the  projec- 
tion on  the  co-ordinate  plane,  p  v,  unless  otherwise  stated. 
Thermal  lines  on  the  plane  pv  constitute  a  diagram  of 
energy.  If  the  pressure^  be  constant,  the  line  is  called  an 
isobar ;  if  the  volume  v  be  constant,  it  is  called  an  iso- 
metric. Thermal  lines  were  introduced  into  this  science  by 
M.  Clapeyron. 

S4.  Isothermal  lines  represent  the  relation  between 
the  pressure  and  volume  when  the  temperature  is  maintained 
constant.     In  equation  (2)  if  r  be  constant  we  have 

pv  =  Er  :=  m^  (8) 

for  the  equation  of  an  isothermal  of  a  perfect  gas.     It  is  an 

equilateral  hyperbola  referred  to  its 
asymptotes  as  shown  in  Fig.  1,  in  which 
O  a  \^  the  axis  of  the  liyperbola,  the 
branches  of  which  will  be  asymptotic 
respectively  to  the  axes  O  v  and  Op; 
O  V  being  the  axis  of  volumes  and  Op 
the  axis  of  pressures. 


PIG.  1.  EXERCISES. 

1.  Construct  an   isothermal  for 
considered  as  a  perfect  gas. 

Assume  a  temperature  of  60**  P.  or  call  it  520*  P.  absolute,  then  h 


air 


Ti^iiTi 


pv-  27669 
u  =  10,        p  =  2766.0 

V  -  100,      J)  =  276.61) 

V  =  7),  p  =  166.4 
«  =  1000,    i?  =  27.669 

These  numbers  are  so  large  wc  take  liu of  their  values  as  inches,  or  part* 


[24.] 


ISOTHERMAL  LINES. 


16 


of  an  inch,  and  construct  the  curve  as  in  Fig.  2.    But  for  the  equilateral 
hyperbola  it  is  unnecessary  to  compute  any  co-ordinates  except  for  the  ver- 
tex c;  for,  having  found  c  by  making  p  t=  v  = 
Oa  =  ae,  bisect  Oa&t  d  and  make  de  =  2ac, 
&c. ;  and  make  Off  =  20  a  and  ffh=^ac,  &c. 

2.  Construct  an  isothermal  for  air  at 
the  temperature  of  1°  F.  absolute. 

3.  Find  the  vertex  of  the  hyperbola 
of  the  isothermal  for  air  whose  tem- 
perature is  r  =  400°  F. 

4  Find  H  for  the  following  gases  : 

For  hydrogen,  v,  =  178.83,  Ji  = 
nitrogen,  v^  =  12.75,.  Ji  = 
oxygen,     v^  =  11.20,  Ji  = 


a  »        0 

FIG.  2. 

768-2   . 

5.  Find  the  value  of  Ji  in  French  units  for  hydrogen. 

6.  Find  the  equation  to  the  isothermal  for  carbonic  acid 
gas  for  the  temperature  T  =  60°  F. 

7.  What  is  the  volume  of  air,  considered  as  a  perfect  gas, 
under  the  pressure  of  four  atmospheres  and  absolute  tem- 
perature of  r  =  800°  ? 

8.  If  the  heat  in  one  pound  of  carbon  is  14500  B.  T.  IT., 
how  many  pounds  of  carbon  completely  consumed  are  neces- 
sary to  increase  the  temperature  of  2000  pounds  of  water 
45°  F.  ? 

9.  How  many  kilogrammes  of  water  would  be  raised 
25°  C.  by  the  heat  in  one  pound  of  carbon  ? 

10.  On  a  diagram  of  energy  draw  on  the  plane  v  r  the 
locus  of  tlie  path  of  a  perfect  gas  when  the  pressure  is  con- 
stant. 

11.  Find  the  pressure  per  square  inch  of  two  pounds  oi 
air  when  its  volume  is  one  half  of  a  cubic  metre  and  its  ab- 
solute temperature  is  500°  C. 

12.  Show  that  all  isothermals  of  a  perfect  gas  are  asymp- 
totic to  each  other  as  well  as  to  the  co-ordinate  axes  p  and  v, 

13.  What  is  the  temperature  of  a  pound  of  air  when  its 
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volume  18  5  cubic  feet  and  pressure  35  pounds  per  square 
foot? 

14.  What  is  the  weight  of  a  cubic  foot  of  air  when  tlie  pres- 
sure is  50  pounds  per  inch  and  tlie  temperature  160*^  F.  ? 

25.  Adiabatic  or  Isentropic  lines  represent  the 
relations  between  the  volume  and  pressure  of  a  substance 
doing  work  by  expansion  without  transmission  of  heat. 
Conceive  a  gaseous  substance  to  be  enclosed  in  a  cylinder 
having  a  frictionless  piston,  it  will,  by  driving  the  piston,  do 
work.  It  will  be  conceived  that  the  external  pressure  is  infin- 
itesimally  less  than  the  internal  during  expansion.  The 
temperature  of  the  enclosed  gaseous  substance  may  depend 
upon  several  conditions.  ^  If  heat  be  properly  supplied  the 

temperature  may  be  maintained  con- 
stant, producing  isothermal  expansion, 
which  may  be  represented  by  the  line 
A  J,  Fig.  3.  Having  performed  tliat 
operation,  bring  the  substance  to  its 
initial  state  A,  and  conceive  the  ex- 
pansion to  take  place  without  any 
transmission  of  heat,  to  do  which  the 
vessel  must  be  considered  as  imper- 
meable to  the  passage  of  heat,  in  which  case  the  external 
work  will  be  at  the  expense  of  the  heat-energy  of  the  sub- 
stance, and  therefore  the  temperature  will  fall  as  expansion 
proceeds,  and  the  pressure  will  also  fall  on  account  of  the 
loss  of  temperature,  as  shown  by  equation  (2),  and  the  line 
A  d  representing  the  continuous  relation  between  the  vol- 
ume and  pressure  will  be  lower  than  the  isothermal  A  5,  and 
its  slope  downward  greater  for  equal  volumes.  If  the  sub- 
stance be  compressed  from  state  Ay  the  line  A  e  will  be 
above  the  isothermal  h  A  c.  The  line  e  A  d,  representing 
the  law  of  expansion  or  of  compression  without  transmis- 
sion of  heat,  is  by  Rankine  called  an  Adiabatw  (from 
dta/SairetVj  to  pass  through),  and  by  Gibbs,  Clausius  and 


FIG.  3. 


[36,  27,  28.] 


CYCLE, 


17 


others,  IsenPropiCy  because  the  entropy  (a  term  to  be  con- 
sidered later)  remains  constant  in  this  kind  of  expansion. 
Adiabatics  are  asymptotic  to  the  axes^  and  v  and  also  to  the 
isothermals. 

26.  If  a  fluid,  after  a  series  of  changes  of  pressures  and 
volumes,  returns  to  its  initial  state,  the  path  of  the  fluid 
will  be  a  re-entrant  curve,  as  A   and 
By  Fig.  4,  and  in  such  cases  the  fluid  is 
said  to  work  in  a  cycle. 


FIG.  4. 


27.  A  heat  engine  is  a  machine 
for  continuously  transforming  heat  into 
work.  Such  engines  in  practice  work 
in  cycles. 

38.  Gamot'B  cycle.  This  is  a  cycle  performed  by 
an  imaginary  heat  engine,  devised  by  M.  Camot  in  1824, 
and  involves  the  most  important  fundamental  principle  of 
this  science.     The  following  is  the  operation : 

Let  jB,  Fig.  5,  be  a  piston  moving  in  a  f rictionless  cylin- 
der, all  parts  of  which  are  perfectly  impermeable  to  the  pas- 
sage of  heat  except  the  base  F.  Let 
the  base  of  the  cylinder  be  one  square 
foot,  so  that  the  height  of  the  piston 
will  correspond  with  the  number  of 
cubic  feet  below  it,  and  let  the  cylinder 
contain  one  pound  of  air,  or  any  other 
gas.  Let  II  be  an  indefinitely  large 
vessel  containing  heat  at  a  given  tem- 
perature, and  Z  another  indefinitely  large  vessel  contain- 
ing heat  at  a  lower  temperature,  the  initial  letters,  II 
and  Z,  indicating  the  relative  temperatures.  The  vessels 
are  assumed  to  be  indefinitely  large,  so  that,  in  imparting 
heat  to  a  finite  body,  they  will  maintain  a  sensibly  uniform 
temperature.  Let  N  and  IT  be  plates,  as  large  or  larger 
tlian  the  base  F  of  the  cylinder,  perfectly  impermeable  to 


©~*© 


J 
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B 
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tlje  passage  of  heat.  Two  of  tliese  are  used  simply  for  con- 
venience of  arrangement,  so  that  the  operation  to  be  de- 
scribed, passing  in  the  direction  indicated  by  the  arrows, 
will  be  the  more  suggestive  of  a  cycle.  Conceive  the  base  f 
of  the  cylinder  to  be  placed  against  the  vessel  II ;  the  pound 
of  air  in  the  cylinder  will  quickly  become  of  the  same  tem- 
perature as  that  of  //.  While  in  this  condition  let  the  pis- 
ton move  outward  against  a  resistance  which  is  continually 
infinitesimally  less  than  the  pressure  within, — the  tempera- 
ture will  be  constantly  that  of  //,  and  the  expansion  will  be 
isothermal. 

After  the  piston  has  been  moved  outward  as  far  as  desired 
in  this  manner,  transfer  the  cylinder  to  the  non-conducting 
cover  iTand  allow  the  piston  to  move  outward  still  further 
by  a  gradual  reduction  of  the  external  pressure  ; — the  press- 
ure and  temperature  of  the  substance  will  both  fall,  and 
since  the  walls  of  the  cylinder  are  impermeable  to  the  pas- 
sage of  heat,  the  expansion  will  be  adiabatic.  Let  the  op- 
eration be  continued  until  the  temperature  of  the  pound 
of  gas  in  the   cylinder  has   been  reduced   to  that  in  the 

vessel  Z. 

* 

At  the  end  of  the  preceding  operation  let  the  cylinder  be 
removed  to  the  vessel  Z,  and  the  piston  then  forced  inward ; 
the  lieat  generated  by  the  compression  of  tlio  pound  of  air 
will  escape  as  fast  as  generated,  and  is  said  to  be  rejected  or 
emitted  into  the  vessel  Z,  the  temperature  of  which  will  not 
be  sensibly  changed  ;  hence  the  temperature  of  the  pound  of 
air  will  be  constantly  that  of  the  vessel  Z,  and  the  compres- 
sion will  be  isothermal.  Let  the  operation  continue  to  such 
a  point  that  wlien  the  cylinder  is  removed  to  the  cover  N' 
and  tlie  air  compressed  adiabatically  until  the  temperature  is 
raised  to  that  in  the  vessel  7/,  the  volume  will  be  the  same 
as  that  at  the  beginning  of  the  series  of  oj:)erations. 

To  show  these  operations  graphically,  let  0  5,  Fig.  6,  rep- 
resent the  volume  and  h  B  the  pressure  of  the  pound  of  gas 
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in  the  initial  stat^ ;  then  will  B  on  the  diagram  represent 
this  state. 

First  operation.  Wlien  the  cylinder  is  in  contact  witli  the 
vessel  jff,  the  expansion  of  the  gas  will  be  represented  by  the 
isothermal  B  Cj  O  c  being  the  final 
volume  and  c  C  the  final  pressure.  ^ 

Second  operaiion.  When  the  cylin- 
der is  in  contact  with  the  cover  N^  the 
expansion  will  be  represented  by  the 
adiabatic  C  D^  O  d  being  the  final 
volume  and  d  D  the  corresponding 
pressure.  j.,^  ^ 

Third  operation.      The  compres- 
sion, when  the  cylinder  is  in  contact  with  the  vessel  Z,  vrill 
be  represented  by  the  isothermal  line  D  A, 

Fourth  operation.  The  compression  when  the  cylinder 
is  on  the  cover  N'  will  be  represented  by  the  adiabatic  A  B. 

These  are  the  successive  operations  as  indicated  by  Car- 
not ;  but  it  is  more  convenient,  in  describing  the  process,  /  *^&ti<t/x^  / 
to  begin  either  at  the  state  C  or  A^  on  account  of  limiting 
the  third  operation.  Thus,  when  the  cylinder  is  on  the  ves- 
sel H  and  in  the  state  C,  let  it  be  transferred  to  N  and  ex- 
panded along  CD  until  the  temperature  is  reduced  to  that 
of  L ;  then  transferred  to  L  and  compressed  along  DA  any 
desired  amount ;  thence  transferred  to  N^  and  compressed 
luitil  the  temperature  is  raised  to  that  of  II \  then  transferred 
to  //  and  expanded  along  B  C  to  the  state  C. 

29«  Source.  The  vessel  from  which  the  working  sub- 
stance receives  heat,  as  II  m  the  above  operation,  is  called 
the  source.  Similarly,  the  vessel  receiving  the  heat  emitted 
from  the  working  substance,  as  Z  in  the  above  operation,  is 
called  the  refrigerator.  In  engineering  science  these  are 
called,  respectively,  iXiQfurjiuee  and  condenser. 

30,  Work  done*     During  the  expansion  from  state  B 
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to  state  C  work  is  done  by  the  gas  while  forcing  the  piston 
outward,  represented  by  the  area  h  B  Cc^  and  while  expand- 
ing  from  O  to  D  more  work  is  done  by  the  gas,  represented 
by  the  area  c  C  D  d\  but  during  the  compression  from  D  to 
A  work  is  done  by  the  piston  upon  the  gas,  the  amount 
being  represented  by  the  area  d  D  Aa^  and  work  is  still  fur- 
ther done  upon  the  gas  in  compressing  it  from  -4  to  -6,  rep- 
resented by  the  area  a  A  B  h.  The  diflference  between 
these  works  will  be  the  external  work  done  by  the  cycle  of 
operations.     We  have 

'\-lB  Cc  +  cCDd-^dDAa^aABl^ABCD. 

31.  Indicator  diagrram.  The  diagram  A  B  C  D 
would  be  described  by  an  indicator  on  Camot's  imaginary 
engine ;  and  the  area  of  an  actual  indicator  diagram,  taken 
from  any  engine,  expressed  in  foot-pounds,  is  a  measure  of 
the  heat  destroyed  in  the  cycle.  It  is  in  tliis  sense  that  we 
speak  of  "  foot-pounds  of  heat." 

32.  Camot's  cycle  is  reversible.  In  a  complete 
cycle,  if  all  the  heat  taken  in  is  at  one  uniform  tempera- 
ture, and  all  the  heat  rejected  is  at  a  uniform  lower  tem- 
perature, the  operation  is  called  Camot's  cycle.  Such  a 
cycle  is  reversible^  for  all  the  operations  may  be  performed 
in  precisely  the  reverse  order,  the  final  result,  however,  being 

work  done  by  the  piston  upon  tlie  gas  in 
the  cylinder,  the  energy  of  the  gas  thereby 
being  increased  by  an  amount  represented 
by  the  area  B  A  D  C^  Fig.  6,  expressed 
in  foot-pounds.  A  reversible  engine  is  also 
called  a  perfect  engine. 
J N^otirreversihle  cycle.     As   an  example 


pio.  7.  ^^  ^  non-reversible  cycle,  after  the  sub- 

stance has  expanded  isothermally  while  in 
communication  with  the  source,  represented  by  the  line 
B  Cj  Fig.  7,  let  it  be  transferred  directly  to  the  refriger* 
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ator — heat  will  be  abstracted  and  the  pressure  may  be 
reduced  at  constant  volume,  and  hence  without  doing 
work,  the  operation  being  represented  by  the  line  CD, 
Then  compress  it  isothennally  when  in  communication  with 
the  refrigerator  along  the  line  DA ;  then  transfer  it  direct- 
ly to  the  source,  raising  the  temperature  and  pressure  to  the 
initial  state  B.  This  cycle  cannot  be  performed  in  precisely 
the  reverse  order ;  for  the  pressure  cannot  be  reduced  from 
B  to  A  when  the  engine  is  in  communication  with  the 
source,  nor  raised  from  D  \jo  C  when  in  communication  with 
the  refrigerator. 

33.  Conditions  of  a  reversible  cycle.  In  order 
that  a  cycle  be  reversible,  the  difference  between  the  exter- 
nal pressure  and  the  internal  during  a  change  of  volume 
must  be  infinitesimal — during  expansion  the  external  being 
infinitesimally  less,  and  during  compression  infinitesimally 
greater  than  tlie  internal ;  also  during  the  transfer  of  heat, 
the  difference  between  the  heat  of  the  substance  and  that  of 
the  external  body  shall  also  be  infinitesimal — during  absorp- 
tion being  infinitesimally  less  than^the  source,  and  during  'H^e^ 
emission  infinitesimally  greater  than^he  refrigerator.  The 
differences  being  infinitesimal,  the  quantities  will  in  finite 
med^urea  be  equal, 

33a.  It  follows  from  the  conditions  of  the  preceding 
article,  that  if  a  closed  cycle  be  bounded 
by  the  isothermals  and  adiabatics  of  any 
substance,  the  cycle  will  be  reversible 
when  worked  with  that  substance.  Thus, 
if  there  be  an  adiabatic  compression 
along  A  B^  Fig.  8,  an  isothermal  ex- 
pansion along  B  A\  adiabatic  expan-  ^^^  g 
sion  A^  B\  isothermal  expansion  B'  A"^ 
and  so  on  back  to  A^  the  cycle  will  be  reversible. 

Also,  the  cycle  A  B  C  D^  Fig.  7,  may  be  made  reversible  by 
conceiving  an  indefinite  number  of  sources  of  heat  differing  by 
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FIG.  9. 


d  r,  and  passing  down  CD  by  an  indefinite  number  of  indefi- 
nitely short  isothermal  compressions,  and  a  corresponding 
number  of  indefinitely  short  intermediate  adiabatic  expan- 
sions as  indicated  in  Fig.  9  ;  and  a  similar 
reversed  operation  in  ascending  from  A 
to  B. 

34.  The  heat  absorbed  hy  a  sitb- 
stan^ie  in  working  froin  a  state  A  to  state 
B  may  he  represented  on  a  diagram  of 
energy  hy  the  area  inchided  between  the 
path  of  the  fluid  and  the  adiaba;tics pass- 
ing through  A  and  B  respectively^  ex- 
tended indeflnitely  in  the  direction  of  the  expansion^  Fig.  10. 
Let  A  be  the  initial  and  B  the  final  states  for  the  expan- 
sion v^  v^,  and  the  line  A  B  the  path  of  the  fluid.  Pass  the 
adiabatics  A  cp,  and  B  ^„  then  will  the  indefinitely  extended 
area  <p,  A  B  tp^  represent  the  heat  absorbed  by  the  substance 
in  doing  the  external  work  v^AB  t\^  in  the  same  units  as  t\  v^ 
and  ^\  A  ;  that  is,  if  v^  v,  represents 
feet,  and  t\  Ay  pounds,  the  area  q)^  A 
B  (p^  will  represent  foot-pounds. 

From  the  state  B  conceive  the 
substance  to  be  expanded  adiabatically 
along  li  ^„  doing  work  as  against  a 
piston,  to  the  state  C,  then  M'ill  the 
external  work  i\  B  C.v  have  been 
done,  without  the  absorption  or  emis- 
sion of  heat ;  and  hence  the  reduction  of  temperature  (and 
pressure)  will  l^e  due  to  the  transmutation  of  heat  into  work. 
At  the  constant  volume  O  v  let  sufficient  heat  be  emitted  to 
reduce  the  pressure  to  v  Z>,  where  D  is  on  the  adiabatic  J.  q>,; 
from  I)  compress  the  substance  along  ^  ^,  to  A,  during 
which  the  external  work  v,  A  Dv  will  have  been  done  upon 
the  substance  ;  thence  expand  from  ^  to  J9  along  the  path 
A  By  during  which  heat  must  be  absorbed.     The  only  heat 
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absorbed  in  this  cycle  of  operations  is  while  working  from 
^  to  ^,  and  the  only  heat  emitted  is  in  describing  the  path 
CD ;  and  since  the  cycle  is  complete  the  ideally  external 
work  A  B  C  D  is  the  exact  equivalent  of  tlie  dijfferenee 
between  the  heat  absorbed  and  that  emitted,  or 

Jly,  -  Jh  =  i\B  Gv  +  v,A  B  v^-  vv.AD  =  A  B  C  D 

=  <p,A  B  (p^-  q),D  C  ^„ 

where  <p^  and  ^,  may  be  at  a  distance  indefinitely  great. 

Let  CD  be  moved  to  the  right  indefinitely — it  will  become 

less  and  less,  and  at  the  limit  JI^^  or  q)^  CD  g>^  will  be  zero, 

and  we  will  have 

a/A  =  (p,AB(p, 

for  the  heat  absorbed.  At  the  limit,  ^,  and  (p^  being  at  an 
indefinite  distance  to  the  right  may  be  considered  as  coincid- 
ing, and  the  path  <p^ABq>^  as  re-entrant,  fonning  a  cycle,  in 
working  around  which,  heat  is  absorbed  only  along  the  path 
A  B,  The  enclosed  area  represents  what  would  be  the  ccUr- 
naZ  work  done  if  the  substance  could  be  worked  in  this 
cycle.  If  the  external  work,  v^  A  B  t\^  actually  performed 
pliui  the  increased  actual  energy  of  the  substance  equals  cp^ 
A  B  ^„  no  intefmal  work  will  be  done  in  working  along 
the  path  A  J9,  but  if  these  are  unequal,  the  difiEerence  will 
be  the  internal  work,  either  done  upon  the  substance  in 
passing  from  state  A  to  state  J?,  or  by  the  substance  in  pass- 
ing from  state  ^  to  A,  This  theorem  was  first  given  by  Kan- 
kine,  and  is  very  fruitful  in  the  geometrical  development  of 
this  science. 

The  heat  absorbed  in  passing  from  state  A  to  state  B  may 
be  expended  in  the  three  following  ways,  as  stated  in  arti- 
cle 9  : 

1.  In  doing  the  external  work  i\  A  B  i\  =  U ; 

2.  In  doing  internal  work  =  S\ 

3.  In  increasing  the  actual  energy  of  the  substtince  =  Q : 

.-.  <p,AB  q),  =  Jh=  Q  +  S+  u.  m 

Any  of  the  terms  in  the  last  member  may  be  negative. 
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35*  The  mechanical  equivalent  of  heat.    The 

direct  determinations  of  heat  have  been  in  terms  of  thermal 
units,  but  on  the  indicator  diagram  the  work  done  by  heat 
is  in  terms  of  foot-pounds  or  their  equivalent.  It  is  neces- 
sary to  reduce  one  of  these  to  the  other.  The  first  accurate 
determination  of  the  mechanical  equivalent  of  the  thermal 
unit  was  made  by  Dr.  Joule,  of  Manchester,  England,  who, 
after  a  series  of  experiments  beginning  in  1843  and  extend- 
ing over  a  period  of  about  seven  years,  concluded  that  its 
value  was  about  772  foot-pounds.  To  state  it  otherwise ;  if 
a  pound  of  water  falling  through  a  height  of  772  feet  in 
a  vacuum  should  be  suddenly  brought  to  rest,  and  all  the 
heat  thereby  generated  could  be  utilized  for  the  purpose, 
it  would  increase  its  temperature  one  degree  Fahrenheit. 
Joule's  experiments  gave  quite  a  range  of  values,  and  he  was 
inclined  to  give  more  weight  to  the  smaller  than  to  the  larger 
ones.  Later,  in  1876,  a  committee  appointed  by  the  British 
Association  for  the  Advancement  of  Science  reported  that  the 
mean  of  sixty  of  the  best  experiments  made  by  Joule  on  the 
friction  of  water  gave  774.1  foot-pounds  subject  to  a  small 
correction,  possibly  amounting  to  ^^j^  of  its  value,  on  account 
of  ilie  uncertainty  of  the  exact  position  of  the  absolute  zero 
on  the  thermometric  scale. 

Still  later,  in  1878,  Joule  made  another  set  of  experiments^ 
giving  as  results  the  following  values : 


Deg.  C. 

Foot-pounds. 

at  12.7, 

774.6 

15.5, 

773.1 

17.3, 

774.0 

Mean  15.1,  773.9 

Joule's  experiments  were  made  with  water  at  about  60°  F., 
and  reducing  his  results  to  their  equivalent  for  water  at  its 
maximum  density,  according  to  the  law  indicated  by  Keg- 
nault's  experiments,  reduces  the  value  slightly,  tliough  for  a 
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difference  of  20°  F.  it  will  scarcely  affect  the  first  decimal 
figure,  as  will  be  seen  when  we  consider  the  specific  heat  of 
water.  Thus,  if  the  mechanical  equivalent  of  heat  at  60°  F. 
were  774.1,  then  at  39.1°  F.,  or  say  40°  F.,  it  would  be  774 
(nearly),  and  reduced  from  the  latitude  of  Manchester  to  that 
of  New  York  it  becomes  774.8,  nearly ;  and  if  the  entire 
margin  of  error,  ^u,  be  positive  and  applicable  to  this  num- 
ber, the  value  would  be  776.7,  or,  to  the  nearest  integer,  it 
would  be  777. 

More  recently,  Professor  Rowland  has  made  a  very  critical 
examination  of  the  specific  heat  of  water  at  the  lower  tem- 
peratures, and  made  a  more  accurate  determination  of  the 
mechanical  equivalent  at  those  temperatures  {On  the  Meehari' 
ical  Equivalent  of  Ileat^  Proc.  Am.  Acad,  of  Arts  and  Sc, 
1880).  The  most  probable  values,  as  determined  by  him, 
are,  for  the  latitude  of  Baltimore  (IMd.^  p.  196) : 


Mechanical  Equivalent. 


Temperatures. 

• 

For  Air  Thermometer. 

Mercurial 

Thermometer. 

Oentijprade. 

Fahrenheit. 

Kilo. -Metres. 

Foot-pounds. 

Foot-pounds. 

4 

39.1 

(430.0) 

(783.4) 

(778.3) 
(778.1) 

5 

41.0 

429.8 

783.0 

6 

42.8 

429.5 

782.5 

(777.9) 

7 

44.6 

429.3 

782.2 

(777.6) 

16 

60.8 

427.2 

778.4 

(775.4) 

27 

80.6 

425.6 

775.5 

(775.4) 
(774.7) 

• 

36 

96.8 

425.8 

775.9 

The  numbers  in  the  parentheses  we  have  computed  from 
those  of  Professor  Rowland's  tables,  the  last  column  being 
determined  by  means  of  his  table  on  page  41  of  the  Appen- 
dix to  his  paper.  It  will  here  l>e  seen  that  the  equivalent 
diminishes  from  39.1°  F.  to  about  80°  F.,  and,  hence,  the 
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specific  lieat  of  water  diminishes  according  to  the  same  law. 
Prior  to  these  experiments,  it  had  been  held,  in  accordance 
with  Kegnault's  experiments,  that  the  specific  heat  of  liquids 
increases  with  the  temperature  ;  but  according  to  the  above 
experiments  this  law  is  reversed  for  water  from  40®  F.  to 
80°  F.,  being  a  minimum  in  the  vicinity  of  the  latter  value, 
and  incre^ising  for  higher  temperatures.  Kegnault's  experi- 
ments were  chiefly  for  higher  temperatures.  Rowland's 
values,  even  wlien  reduced  to  the  same  latitude,  all  exceed 
those  heretofore  used  for  scientific  and  engineering  pur- 
poses, although  they  agree  very  nearly  with  Joule's  when  re- 
duced to  the  same  thermometer,  temj)erature,  and  place 
{ibid.y  Appendix,  44,  45).  The  first  cause  of  difference  hes 
in  the  tact,  above  stated,  that  the  mechanical  equivalent  is 
greater  at  39°  F.  than  at  60°  F. — amounting  to  about  3 
foot-pounds — instead  of  less,  as  given  by  Kegnault's  experi- 
ments. The  second  cause  is  due  to  the  fact  that  a  degree 
on  the  air  thermometer,  from  30°  to  40°,  is  perceptibly 
lai^er  than  on  the  mercurial  thermometer,  the  difference 
being  about  y^  of  a  degree  of  the  air  thermometer,  and  re- 
sulting in  an  increase  of  more  than  5  foot-pounds  above  that 
given  by  the  mercurial  thermometer.  Joule  used  a  mercu- 
rial thermometer. 

It  is  apparent  that  the  old  value,  772,  so  generally  used 
by  the  scientific  world,  is  much  too  small,  and  774.1,  recom- 
mended by  the  committee  of  the  British  Association,  is  not 
sufficiently  large.  According  to  Rowland's  experiments, 
I  the  British  Thermal  Unit  is  about  784  foot-poimds  per  de- 
gree on  the  air  thermometer,  and  nearly  779  on  the  mercu- 
rial thermometer.  Scientifically,  the  air  thennometer  should 
be  used  ;  wliile  for  engineering  purposes  the  mercurial  ther- 
mometer is  almost  universally  used ;  but  in  neither  case 
should  the  highest  numbers  be  adopted  unless  the  law  of 
change  of  tlie  substance  be  known  throughout  the  extent  of 
the  investigation.     Such  a  law  is  not  known  with  scientific 
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exactness.  In  refined  anal^'sis  it  lias  been  cnstomary  to  use 
an  empirical  fonnula  representing  the  experiments  of  Keg- 
nault — especially  for  water — but  in  ordinary  practice  it  is 
customary  to  consider  the  6|^citic  heat  of  water  as  constant 
nt  all  tem|)erature6,  and  for  this  reason  it  is  not  advisable  to 
adopt  the  highest  values  given  by  experiment.  Before  de- 
ciding upon  the  value  to  be  adopted  in  this  work,  values 
were  computed  by  other  methods,  to  be  explained  hereafter, 
and  that  number  selected  which  would,  according  to  our 
present  knowledge  of  all  the  elements  involved,  harmonize 
with  the  various  methods  by  which  it  has  been  determined. 
This  number  is  778.  The  exa(}t  value  cannot  be  found,  but, 
like  other  physical  constants,  it  may  be  detennined  within 
certain  limits.  The  value  here  adopted  is  probably  within 
j^-^  of  its  own  value  for  the  mercurial  thermometer  at  the 
latitude  of  New  York.  The  mechanical  equivalent  we  rep- 
resent by  «/,  and  call  it  Joule^s  eqnlvaleiiL 

36.  First  Law  of  Thermodynamics.  Ileat  and  vieehan- 
leal  energy  are  rnuUially  convert ihle  in  the  ratio  of  about 
778  foot-pounds  for  the  British  Thermal  Unit. 

The  equivalent  in  French,  or  part  Fi^ench  and  part  Eng- 
lish units,  is 

1400  foot-pounds  per  }X)und  of  water  per  degree 

centigrade, 
426.8  kilogramme-metres  per  kilogramme  of  water 
per  degree  centigrade. 

EXERCISES. 

1.  How  many  foot-pounds  of  heat-energy  are  there  in  one 
pound  of  coal  containing  14500  British  thermal  units  'i 

Ans, 

2.  How  far  will  one  pound  of  anthracite  coal  propel  a 
locomotive  weighing  60  tons  on  a  level  track,  friction  6 
pounds  per  ton,  if  the  entire  heat-energy  of  the  coal  could 
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be   utilized  for    this  purpose,   the  coal   containing  15000 

B.  T.  U.  ? 

Ans.  miles. 

3.  If  in  melting  one  pound  of  ice  144  B.  T.  U.  become 

latent,  how  many  foot-pounds  of  energy  are  required  to 

change  the  state  of  aggregation  of  the  substance — that  is,  to 

change  ice  to  water  ? 

Ans.  112032  ft-lbs. 

4.  Find  the  value  of  the  mechanical  equivalent  of  the 
B.  T.  U.  when  expressed  in  kilogramme-metres. 

5.  How  many  thermal  units  must  be  transformed  into 
mechanical  energy  per  minute  to  equal  one  horse-power  ? 

6.  What  is  the  theoretical  efficiency  of  a  steam  plant  that 
develops  one  horse-power  per  hour  for  every  2^  poimds  of 
coal  used,  tlie  heat  units  in  a  pound  of  the  coal  being  13000  ? 

7.  Steam  plants  have  been  reported  as  developing  a  horse- 
power pel  hour  with  1.5  pounds  of  coal ;  what  was  the  theo- 
retical efficiency  of  the  plant,  if  a  pound  of  the  coal  con- 
fined   15200    B.  T.  U.?    What  if    it    contained   12000 

B.  T.  U.  ? 

Ans.  In  the  latter  case,  ^J-  nearly. 

8.  How  many  foot-pounds  of  energy  will  be  required  to 
raise  the  temperature  of  five  pounds  of  water  from  the  tem- 
perature of  melting  ice  to  that  of  boiling  water,  the  value 
of  J  being  778  for  each  degree  ? 

9.  One  kilogramme-metre  per  degree  centigrade  equals 
how  many  f oot-poimds  per  degree  Falirenheit  ? 

Ans.     13.02. 

10.  How  many  foot-kilogrammes  of  heat  are  necessary  in 
order  to  raise  the  temperature  of  one  decigramme  of  water 
one  degree  Fahr.  ?  How  many  metre-pounds  to  raise  one 
gramme  of  water  one  degree  C.  ? 

37.  Thermal  capacities.    The  amount  of  heat  nee- 
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esaary  to  change  by  unity  any  quality  of  unit-mass  of  a 
substance  under  given  circumstances  is  called  the  thermal 
capacity  corresponding  to  the  given  change.  Three  such  car 
pacities  have  received  the  respective  names — specific  heat  ojt 
constant  pressure^  specific  heat  at  constant  volume  and  the 
latent  heat  of  expansion,  Wlien  these  capacities  are  vari- 
able, their  values  at  a  particular  state  may  be  considered  as 
the  rate  at  which  heat  is  absorbed  per  unit  of  the  constant 
element. 

The  unit-mass,  in  Englisli  units,  is  the  standard  one-pound 
weight,  and  in  French  miits  is  the  standard  kilogramme. 

38.  Pressure  constant*  Specific  heat  at  con- 
stant pressure.  If  the  pressure  be  constant,  the  path 
of  the  fluid  will  be  a  right  line  perpendicular  to  the  j9-axis, 
Fig.  11 ;  and  the  heat  absorbed  in  working  from  state  A  to 
state  B  along  this  line  will  be,  according  to  Article  34,  repre- 
sented by  the  area  q)^  A  B  cp^  in  foot-pounds,  to  find  which 
requires  an  experiment  with  the  substance  in  order  to  deter- 
mine its  thermal  capacity  under  constant  pressure. 

The  specific  heat  at  constant  pressure  is  the  amount  of 
heat  absorbed  in  increasing  the  temperature  of  a  unit-mass  of 
the  substance  one  degree,  the  pressure 
being  constant  and  the  specific  heat  j 
constant  throughout  tlie  degree.  In 
English  units,  it  is  the  number  of 
thermal  units  (Art.  6)  absorbed  in  rais- 
ing the  temperature  of  one  pound  of 
the  substance  one  degree  Fahrenheit. 
To  represent  it  on  a  diagram  of 
energy,  the  line  A  J?,  perpendicular 
to  the  j?-axis,  must  be  limited  by  two  isothermals,  as  t  and 
r  -^-  1,  differing  by  unity  of  temperature ;  then  will  the 
dynamic  specific  heat  at  and  from  r  be  represented  by  the 
indefinitely  extended  area  (p^  A  B  9?,.  If  the  specific  heat 
be  variable,  the  isothermals  must  differ  by  c?  r  only. 


V,  Vm 

FIO.    11. 


1 
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For  numerical  values,  see  tables  of  specific  heat.     To  ex- 
press it  algebraically,  let 

k^  =  the  ordinary  specific  heat  at  the  temperature  r  and 
pressure  p^ 

A'p  =  the  equivalent  dynamic  specific  heat ; 

then 

A-p  =  Jk,.  (10) 

'  li  dh^  =.  the  thermal  units  absorbed  in  raising  the  tem- 
perature of  a  unit-mass  of  the  substance  under  a  constant 
pressure  an  amount  dt  =^  rfr  degrees,  and  d  11^  the  same  ex- 
pressed in  foot-pounds,  then 

dh^  =  k^d  t^  (11) 

d  11^  =  Jk^dT  =  j;  r/  r ;  (12) 

^p;  (13) 

p 

hence,  after  substituting, 

If  the  specific  heat  be  constant,  equation  (12)  integrated 
between  limits  gives 

//p  =  a;  (r,  -  r.),  (15) 

and  if  T,  —  r^  =  1,  we  have 

//p  =  K,  =  <p,AB  cp„  Fig.  11, 

as  before  stated. 

When  the  path  is  arbitrary,   the  heat  absorbed  may  be  a 
function  of   the  three  variables  p^  y,  r,  but  when  p  or  v  is 

constant  -r—  will  be  a  partial  differential  coefficient,  and 
may  be  indicated  as  above  with  a  parenthesis  and  subscript, 

J       IT 

or  with  a  parenthesis  without  a  subscript,  or  by  — -H —  as  used 
by  Claijjius,  or  (//I)p  sis  by  M.  Saint-Robert,  or  even  with- 
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V 
FIG.   13. 


out  any  distinguishing  mark,  leaving  it  for  the  reader  to  infer 
its  true  character,  which  may  be  so  easily  done  in  this 
science  as  to  make  it  questionable  whether  any  mark  is 
desirable. 

39.  Yoluine  constant.  Specific  heat  at  con- 
stant volume  is  the  heat  necessary  to  raise  the  tempera- 
ture of  a  nnit-mass  of  a  substance  through  one  degree  when 
the  volume  is  constant,  the  specific 
heat  remaining  constant  throughout  j 
the  degree.  It  is  the  number  of  heat 
units  necessary  to  raise  the  tempera- 
ture of  one  ix)und  of  the  substance 
one  degree  F.,  the  volume  being  con- 
stant. When  constant  its  dynamic 
value  may  be  represented  on  a  diagram 
of  energy  by  the  area  between  a  line 
A  Bj  Fig.  12,  perpendicular  to  the 
-y-axis  limited  by  two  isothermals  differing  by  one  degree, 
and  two  indefinitely  extended  adiabatics  A  q>^  and  B  cp^^  as 
shown  in  Article  3i. 

Let  iy  =  the  specific  heat  for  a  constant   volume  at  the 

temperature  r  in  ordinary  thermal  units, 
Ky  =  its  equivalent  dynamic  specific  heat, 
dh^  =:  the  thermal  units  absorbed  in  raising  the  tempera- 
ture d  r, 
dn^^r-  the  foot-pounds  of  heat  in  dT  Ay  ; 
then 

d  h^  ■==-  h^d  t^ 

dH^  =  Jky  d  r  =  ITy  d  t;  (16) 

If  Ky  be  constant,  then  in  Fig.  12, 


Xy  =  (p,A  B  (p^. 
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bXERCISES. 

1.  How  much  more  heat  (mechanical  energy)  is  required 
to  raise  the  temperature  of  one  pound  of  water  1°  F.  than 
of  one  pound  of  air,  the  same  amount  under  constant 
pressure  'i 

(Find  the  ratio  of  the  vahies  of  their  specific  heats,  as  found  from  a 
table  of  specific  heats,  and  express  their  difference  in  foot-pounds.) 

2.  How  much  more  heat  is  required  to  raise  the  tempera- 
ture of  one  pound  of  water  1°  C.  than  of  one  pound  of  air 
the  same  amount,  at  constant  pressure  ? 

3.  How  far  must  a  mass  of  iron  fall  in  a  vacuum  in  order 
tliat  its  resultant  energy,  if  transmuted  into  heat,  would 
melt  it  ? 

4.  Assuming  that  air  and  hydrogen  are  perfect  gases, 
how  much  more  heat  will  be  required  to  increase  the  tem- 
perature of  one  pound  of  the  latter  one  degree  Fahr.  than 
one  pound  of  the  former  the  same  amount  ?  Express  the 
difference  in  thermal  units  and  in  foot-pounds. 

5.  If  oxygen  and  hydrogen  are  perfect  gases,  how  many 
pounds  of  oxygen  will  be  required  in  order  to  contain  as 
much  heat  as  one  pound  of  hydrogen  at  the  same  tempera- 
ture ? 

6.  Sliow  that  a  right  line  parallel  to  the  v-slxis  will  be 
divided  into  equal  parts  by  a  series  of  isothermals  of  which 
the  general  equation  isj?  v  =:  lir,  provided  t^  —  r^  =  t,  —  t,, 
&c. 

7.  In  the  preceding  exercise,  show  that  a .  right  line 
parallel  to  the  j9-axis  will  also  be  divided  into  equal  parts. 

8.  Show  that  a  line  drawn  through  the  origin  of  co-ordi- 
nates is  not  divided  into  equal  parts  by  the  successive  equi- 
lateral hyperbolas  of  Exercise  6. 

40*  Let  the  temperature  be  constant  during^ 
expansion.     Second  Law.    In  this  case  tlie  path  of  the 


[40.]  TEMPERATURE  DURING   EXPANSION.  S3 

fluid  will  be  an  isothermal,  as  A  By  Fig.  13  ;  and  the  heat 
absorbed  daring  the  expansion  from  v,  to  v,  will,  according 
to  Article  34,  be  represented  by  the  area  <p,AB  <p„  bounded 
by  the   isothermal  A  B   and   the   two 
adiabatics  A  <p,  and   B  ip,   indefinitely 
extended.     If  TT^  be  the  heat  absorbed, 
the  subscript  indicating  that  the  entire 
heat  absorbed  is  to  be  at  one  tempera- 
ture; then 

17,  =  ip,ABip,. 

Since  the  temperature  of   the  work-  fig.  18. 

ing  substance,  in  this  case,  is  uniform 
during  expansion,  it  is  aeenmed  tliat  the  actual  enei^  of 
the  working  substance  remains  unchanged,  and  hence  Q  in 
equation  (9)  will  be  zero,  and  we  have 

/A=  ir-\-S=  tp,AB<p,. 

That  iH,  during  isothermal  expansion  the  lieat  absorbed 
equals  the  entire  work  done,  both  external  and  internal,  Tliie 
heat  cannot  lie  directly  measured,  but  it  may  be  computed, 
as  will  appear  from  this  and  tlie  two  following  articles.  No 
engine  can  transmute  into  external  work  all  the  heat  absorbed 
by  the  working  substance,  somlj  of  it  being  always  rejected 
at  a  lower  temperature  than  the  source.  Experience  coutinns 
the  following  principle,  called  tho 

Second  Law.  If  all  the  heat  absorbed  be  at  one  temper- 
ature, and  that  rejected  be  at  one  lower  temperature,  then 
loiU  the  heat  which  is  transmuted  into  worh  be  to  the  entire 
heat  absorbed  in  t/ie  saine  ratio  as  the  difference  between  the 
(Asolute  temperatures  of  the  source  and  refrigerator  is  to 
the  absolute  temperature  of  the  source.     (Appendix  ii.) 

In  other  words,  the  second  la\o  is  an  express-eon  f<rr  the 
effidenej/  of  the  perfect  elementary  entjine. 

The  object  of  the  second  law  is  to  furnish  a  l>afiis  for  the 
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computation  of  the  heat  absorbed  during  expansion,  the 
heat  of  the  working  fluid  being  maintained  at  a  constant 
temperature.  Thus,  if  between  600°  F.  and  500°  F.  ab- 
solute, in  a  perfect  elementary  engine,  ten  thermal  units  be 
transmuted  into  work,  then  will  the  heat  absorbed  at  600°  F. 
have  been 

//  =  10  — II--  =  60 
^1  ~  T. 

thermal  units.  If  the  expansion  be  isothermal,  the  equation 
to  the  path  of  the  fluid  will  be  that  of  the  gas  at  constant 
temperature,  and  the  external  work  may  be  directly  com- 
puted, from  the  equation  to  the  gas,  being  represented  in 
Fig.  13,  by 

TT  =  tj,  J.  -ff  'W,  =  fp  d  V, 

It  will  be  observed  in  Fig.  13  that,  if  the  area  (p^ABcp^ 
be  divided  into  an  indefinite  number  of  strips,  representing 
Caniot's  cycles,  ultirnately  the  topmost  strip  A  B  c  d  will 
equal  the  topmost  strip  oi  v^  A  B  t'„  representing  external 
work  cut  off  by  the  second  ieothermal.  If  the  work  done 
in  those  Carnot's  cycles  be  equal,  the  total  heat,  q)^  A  B  <^„ 
will,  according  to  the  second  law,  be  the  area  of  the  top- 
most one  multiplied  by  the  number  of  cycles.  The  top- 
most one,  Fig.  13,  will  be  the  differential  of  the  external 
work,  or  d  TF,  and  t^  —  r,  becomes  d  t,  and  if  r,  be  the 
constant  temperature  at  which  heat  is  absorbed,  which  will 
be  the  temperature  of  the  isothermal  A  B^  we  have 


dx  ^  dr 


The  second  law  is  the  result  of  observations,  experiments, 
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and  deduction.  It  is  not,  like  a  proposition  in  geometry, 
capable  of  a  direct,  rigid  demonstration ;  but  rather,  like  the 
axioms  of  geometry,  appeals  to  our  understanding  for  as- 
sent when  the  terms  used  and  the  operations  assumed  are 
well  understood.  Or,  perhaps  a  better  parallel  will  be 
found  in  the  Newtonian  laws  of  motion,  which  were  first 
conceived,  from  the  results  of  experiments,  to  represent 
ideally  j>erfect  conditions,  and  later  became  firmly  estab- 
lished by  the  fact  that  when  applied  to  the  solution  of  prol)- 
leras  in  nature  the  results  obtained  agreed  with  those  ob- 
served. So  this  law^,  first  conceived  to  represent  what  would 
be  the  results  of  experiments  if  the  conditions  were  perfect, 
has  become  firmly  established  through  the  fact  that  it  has 
successfully  stood  the  many  crucial  tests  to  which  it  has 
been  sulijected.  If  the  formulas  founded  upon  it  had  led 
to  results  known  t6  be  erroneous,  they  w^ould  liave  dis- 
proved the  law ;  but  it  has  been  found  that  all  the  results  so 
deduced  agree  with  those  of  experiment  at  least  within 
the  limits  of  the  errors  of  observation. 

Carnot  made  the  first  step  toward  the  establishment  of 
the  law  by  showing  that  the  efliciency  of  his  ideal  engine 
was  a  direct  function  of  the  difference  of  the  temperatures 
of  the  source  and  refrigerator,  and  was  independent  of  the 
nature  of  the  working  fluid.  The  idea  of  an  absolute  tem- 
perature had  not  then  entered  this  science.  Later  the  law 
became  established  through  the  labors  of  Clausius,  and  of 
Joule  and  Thomson.  Rankine  virtually  deduced  it  from 
lus  theory  of  molecular  vortices.  He  came  to  the  conclusion 
that  Carnot's  law  is  not  an  Independent  principle,  but  is  de- 
ducible  from  the  equjitions  of  the  mutual  convei-sion  of  heat 
and  expansive  power. 

Let  one  pound  of  any  substance  having  the  volume  0  v,, 
pressure  v^  A,  and  absolute  temperature  r,  in  constant  com- 
munication with  a  source  of  heat  at  the  same  temperature 
(or  at  a  temperature  r  -^  d  t),  expand  from  v^  to  t\  by  driv- 
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ing  a  piston  in  a  cylinder ;  then  will  the  indefinitely  ex- 
tended area  q>^AB  <^,,  expressed  in  foot-pounds,  represent 
the  heat  absorbed,  and  divided  by  778  will  be  the  value  of 
the  heat  in  British  thermal  units. 

To  find  th^i  area  qy^A  B  <p^^  conceive  it  to  be  divided  into 
an  indefinite  number  of  strips  of  equal  areas  by  isothennals 
of  the  given  substance,  as  dc^ji^.,.y  2,  &c. ;  tliey  will  repre- 
sent equal  quantities  of  heat,  and  if  an  elementary  engine 
be  worked  in  the  successive  cycles  ABc  d^d  c  ij^  &c.,  the  re- 
sultant works  done  will  also  be  equal.  These  are  Camot's 
cycles,  since  all  the  heat  absorbed  will  be  at  one  temperature, 
and  that  which  is  rejected,  at  one  lower  temperature.  Let 
the  successive  equal  quantities  of  heat  thus  transmuted  into 
external  w^ork  constitute  a  scale  of  temperatures — ^known 
ajB  Thomson's  Absolute  Thermometric  Scale  {Phil.  Mag,^  xi. 
(1856)  216.  ThomsorCs  Papers^  p.  100).  The  characteristic 
quality  of  this  scale  is  —  equal  quantities  of  heat  when 
worked  in  Carnot's  cycle  will  do  equal  quantities  of  external 
work  indepefidently  of  the  nature  of  the  working  substance. 
At  first,  any  amount  of  heat  or  area,  as  ij  dc^  may  be  taken, 
arbitrarily,  as  a  unit,  and  a  repetition  of  this  unit  will  con- 
stitute a  scale  of  natural  numbers,  as  7,  8,  9,  &c.,  the  zero 
of  which  may  bo  placed  arbitrarily.  Having  assigned  its 
place  and  the  unit  of  heat,  the  quantity  of  heat  involved  in 
any  number  of  such  operations  becomes  known.  Thus,  the 
lieat  necessarily  destroyed  in  performing  the  operations 
numbered  7,  8  and  9  will  be  three  times  the  unit  initially 
assumed.  Fractional  parts  of  the  scale  will  correspond  to 
fractional  parts  of  the  unit.  The  scale  may  be  so  numbered 
that  the  two  fixed  points  shall  correspond  with  32°  F.  and 
212°  F. 

Conceive  that  the  zero  of  the  scale  corresponds  with  the 
total  deprivation  of  heat  from  the  substance,  and  that  in 
raising  the  pressure  from  0  to  ?\  A^  there  are  t  of  the 
arbitrary  units.     Let  each  unit  be  divided  into  an  indefinite 
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number  of  equal  parts  by  isothermals,  each  represented  by 
dr ;  then  will  the  number  of  parts  in  each  unit  be  1  -s-  rf  r, 
and  the  number  in  r  units  will  be 

number  of  strips  =  --—• 

dr 

The  area  of  any  one  of  the  infinitesimal  strips,  mAJBcd, 
being  known,  we  have 

<p,AB(p,=  ^  X  A  Bed,  (18) 

and  the  solution  is  now  reduced  to  that  of  finding  the  area 
A  B  c  d.  Conceive  it  to  be  divided  into  an  indefinite 
number  of  parts  by  vertical  lines  having  between  them  tlie 
constant  abscissa  d  v  (or,  more  accurately,  let  the  divisions 
be  made  by  adiabatics  having  between  their  upper  ends  the 
abscissa  d  v\  then 

efhg  =  dpdv, 
and 

ABcd—  ^^dpdv. 

This  summation  cannot,  generally,  be  performed  by  an 
integration,  for,  generally,  dp  varies  from  A  to  B,  and  is 
not  simply  a  function  of  v.  For  any  assigned  value  of  v^ 
dp  depends  directly  upon  d  r,  since  it  is  limited  by  two  con- 
secutive isothermals  differing  by  df  r,  a  condition  which,  in 
the  language  of  the  calculus,  is  indicated  by  the  expression 


9<^ 


= (?J  ^- 


thus,  changing  from  dp  independent  to  p  dependent  upon 
r.      Substituting  this  for  dp  above,  gives 

where  rf  r  is  placed  outside  the  integral  sign  since  it  is  con- 


1  • 


^eren^ 
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stant  tliroughout  the  strip  A  B.  Tliis  value  in  equation  (18) 
gives  ^ 

II,  =  <p,ABcp,  =  r  /  "'  (g)  rf  t,.  (19a) 

If  the  expansion  be  infinitesimal  and  equals  d  v,  we  have 

dll=rl^^dv,  (20) 

which  is  the  required  equation. 

In  using  this  equation,  f;;^^)   is  to  be  found  by  diffe 

tiating  the  equation  of  the  gas,  given  in  terms  of  the  ahso- 
lute  scale  of  temperatures,  considering  v  as  constant ;  or  by  an 
experiment,  finding  the  change  of  pressure  for  a  very  small 
change  of  temperature,  but  in  integrating  from  v^  to  v,  the 
temperature  must  be  constant,  so  that  not  only  will  r,  if 

any  in  (  ;t^)j  be  constant,  but  the  r  before  the  integral  sign 

will  also  be  constant.  Indicate  this  by  r^.  Since  an  amount  of 
heat  equal  to  that  absorbed  by  any  substance  during  isother- 
mal expansion  becomes  latent,  the  preceding  equation,  more 
completely  expressed,  becomes : 


Latent  heat  of 
EXPANSION  from 
v^  to  v^ 


=  //_  =  r 


in  which  the  subscript  r^  of  the  bracket  implies,  as  explained 
above,  that  r  within  the  parenthesis  is  to  be  considered  con- 
stant during  the  integration.   As  a  thermal  capaMty^  Article 

37,  the  latent  heat  of  expansion  is  r  _^,  ^\idv  were  unity, 

dr 

being  the  rate  at  which  heat  is  absorbed  per  unit  of  volume. 

Differentiating  equation  (21),  considering  t  as  constant  and 

V  variable,  gives  ,^    v 

q)^  A  0  n  ^=:  r A—^  \d  t?, 


I 
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which  is  the  same  aa  equation  (20),  where  d  v  ib  the  abscissa 
of  h  in  reference  to  v^Ay  Fig.  13. 

The  scale  of  temperatures  above  used  is  not  practical,  except 
for  the  purposes  of  analysis,  since  heat  cannot  be  actually 
divided  with  accuracy  by  any  known  means  according  to  the 
process  described  ;  and  it  remains  to  be  shown  how  the  re- 
sult can  be  made  of  practical  value.  Conceive  a  quantity  of 
heat  equal  to  that  absorbed  by  a  pound  of  the  substance, 
q}^A  B  <p„  to  be  absorbed  by  such  a  quantity  of  tiperfect  gas 
as  will  give  the  same  temperature,  and  let  the  temperatures 
be  measured  by  an  ideally  perfect  gas  thermometer  graduat- 
ed from  absolute  zero  and  having  r  equal  divisions  up  to  the 
temperature  here  considered  ;  then  will  equal  divisions  on 
this  scale  correspond  with  equal  quantities  of  actual  heat  in 
the  perfect  gas — so  that,  if  the  gas  be  cooled  by  abstracting 
equal,  successive  quantities  of  heat,  the  successive  tempera- 
tures will  be  indicated  by  equal  divisions  on  the  scale.  In 
this  manner,  the  heat  in  a  perfect  gas  might  be  divided  into 
equal  parts.  Let  the  temperature  of  the  given  substance  be 
reduced  an  amount  d  r  on  this  scale  by  working  the  heat  in 
Camot's  cycle,  the  same  amount  of  heat  will  be  transmuted 
into  work  as  must  be  abstracte(i  from  the  perfect  gas  in  re- 
ducing its  temperature  the  same  amount,  and  so  on.  Con- 
ceive isothermals  of  the  substance  to  be  drawn  on  the  dia- 
gram of  energy,  differing  by  d  r  of  the  perfect  gas  thennom- 
eter ;  there  will  be  t  -=-  <i  t  such  divisions  between  zero  and 
T,  as  in  the  former  case.  These  isothermals  may  be  con- 
ceived to  be  described,  geometrically,  from  the  equation  of 
the  gas  given  in  terms  of  the  scale  of  the  perfect  gas  ther- 
mometer, or,  physically,  by  supplying  heat  to  the  expanding 
gas  so  that  the  temperature  will  remain  constant  as  indicated 
by  this  thermometer  and  noting  the  contemjwraneous  press- 
ures and  volumes.  These  processes,  {perfectly  done,  would 
give  the  same  isothermals ;  and  since  the  number  is  made 
the  same  as  in  the  earlier  part  of  this  article  where  the  strips 
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were,  arbitrarily,  made  equal,  and  since  the  lowest,  or  zero- 
isothermals,  coincide,  also  the  highest,  or  r-isothermals,  it  is 
inferred  that  the  successive  isothermals  in  the  two  cases  co- 
incide. It  follows,  then,  that  if  the  area  q)^AB  <p^  be  inter- 
sected by  isothermals  differing  by  an  absolute  constant  tem- 
perature, the  areas  between  the  successive  isothermals  will  be 
equal;  and  if  the  number  representing  the  difference  of 
temperatures  be  commensurable  with  the  number  represent- 
ing the  highest  temperature,  the  entire  area  tp^AB  (p^  will  be 
divided  into  equal  parts.  By  making  the  difference  indefinite- 
ly small,  or  d  r,  the  question  of  commensurability  disappears. 

But  a  perfect  gas  is  unknown ;  it  has,  however,  been  found, 
as  stated  in  Articles  14  and  16,  that  the  air  thermometer  dif- 
fers but  little  from  that  of  a  perfect  gas  thermometer, 
the  temperature  of  melting  ice  being  491.13°  F.  above  the 
absolute  zero  of  the  air  thermometer,  and  about  492.66°  F. 
above  the  zero  of  the  absolute  scale,  a  difference  of  about 
^iir  ^^  ^^  entire  491°,  a  quantity  too  small  to  be  measured 
in  actual  practice,  and  can  be  determined  only  by  the  most 
refined  experiments.  The  position  of  the  zero  of  the  abso- 
lute scale  cannot  be  determined  exactly,  but,  accepting  the 
results  of  Thomson  and  Jouje,  if  the  zero  of  the  air  ther- 
mometer be  made  to  coincide  with  the  melting  point  of  ice, 
then  by  adding  492.66°  F.  to  the  reading  of  the  air  ther- 
mometer, the  sum  will  be  the  value  of  the  temperature  on 
the  absolute  scale,  almost  exactly. 

Equations  (20)  and  (21)  are  theoretically  exact,  and  hence 
are  practically  so  for  volumes,  pressures  and  temperatures 
determined  by  the  best  methods  known. 

The  following  reasoning  may  aid  the  reader  in  satisfying 
himself  of  the  equality  of  the  strips.  Conceive  the  area 
<p,AB  <p„  Fig.  14,  to  be  divided  into  an  indefinite  number  of 
strips  by  isothermals  of  the  substance,  differing  by  the  con- 
stant absolute  temperature  d  r,  then  will  the  areas  thus 
formed  be  equal. 

If  the  areas  between  equidistant  isothennals  and  the  adia- 
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batics  are  not  equal,  a  line,  B  iT,  may 
be  so  drawn  that  they  will  be  equal, 
but  the  area  <p,  A  B  N  (Fig.  14)  will 
be  an  area  exceeding  that  which  rep- 
resents the  heat 
absorbed ;  or,  if 
it  falls  within 
B  (p^  it  will  be 
PIG.  14.  less    than    that 

representing 
the  heat  absorbed. 

If  the  working  fluid  is  a  perfect 
gas  the  areas  ah  c  d  and  efg  h  (Fig. 
15)  will  be  equal,  but  if  the  gas  be  imperfect  all  the  small 
areas  m  <p^  A  B  9?,  below  the  topmost  one  will  exceed  tliose 
between  the  corresponding  isothermals  mv^  A  B  v,. 

41,  Thomson  and  Joule  established  equation  (20)  upon  a 
principle  of  Camot.  Camot  proved  that,  of  the  heat  ab- 
sorbed, (p^Ahn^  Fig.  13,  during  isothermal  expansion,  the 
part  d  h  transmuted  into  work  by  working  in  one  of  his 
cycles,  was  /i  (I'j— ^,)  of  the  heat  absorbed,  where  /i  is  a  func- 
tion of  the  higher  temperature  only  and  hence  independent 
of  the  nature  of  tlie  working  substance,  and  r,— t„  the 
fall  in  temperature  of  the  working  substance.  In  this  case, 
let  r^-'r^  =  dr^  then  will  fx  d  r  he  the  fractional  part  of 
(p^  A  b  n  transmuted  into  work. 

Let  JTbe  the  latent  heat  of  expansion  in  thermal  units, 
then  will  M dv\)e  the  heat  units  in  (p^Ah  n^  and  in  foot- 
pounds we  have 

J  M  dv=^  q)y  Ah  n^ 

and  the  heat  transmuted  into  the  work  h  d  will  be 

h  d  ^  p-  J  M  dv  d  r. 
But  we  also  have 


hd=(^^\dtdv, 
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and  making  these  equal  gives 


JM 


-  1  (dp\ 


Camot  did  not  find  the  form  of  tlie  function  //.  In  re- 
gard to  it  Thomson  says :  "  It  has  an  absolute  value,  the  same 
for  all  substances  for  any  given  temperature,  but  which  may 
vary  vt'ith  the  temperature  in  a  manner  that  can  only  be 
determined  by  experiment"  (Thomson's  Papers^  p.  187). 
Thomson,  whose  resources  ever  seem  sufficient  for  the  oc- 
casion, set  about  its  determination,  the  processes  for  which  are 
described  in  the  Philosophical  Magazine^  and  more  recent- 
ly in  Thomson's  Mathematical,  and  Physical  Papers^  cover- 
ing many  pages.  Early  in  the  investigation,  Joule  suggest- 
ed that  the  value  of  yu  might  be  "  inversely  as  the  tempera- 
ture from  zero"  (Thomson's  Papers^  p.  199);  and  these 
experimenters  established  the  truth  of.  this  suggestion  by 
that  celebrated  series  of  experiments  known  as  "  the  experi- 
ments with  porous  plugs."     Hence,  we  have 

1 


.'.JMdv  =  r  (-^)^^ 


as  already  found.     The  quantity  /i  is  known  as  "  Camot's 
function,"  the  title  given  to  it  by  Sir  William  Thomson.    The 
•  value  1  -H  /*  =  To,  the  absolute  temperature  of  melting  ice, 
was  found  to  be  273.68°  C.  {ibid,,  p.  391). 

Thomson's  absolute  scale  may  be  tlms  defined :  Th^  nu7nr- 
hers  expressing  degrees  of  ahsolute  temperatures  are  propor- 
tional to  the  q^cantities  of  heat  absorbed  and  emitted  at  those 
temperatures  in  a  reversible  cycle.  Thus,  if  IF  ^=  q>^  A  B 
9?,  =  the  heat  absorbed.  Fig.  13,  and  it  be  divided  into  r 
equal  parts,  then  will  one  part  be  //  -r-  r ;  and  if  h  be  the 
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heat  emitted  '=^  tp^y  z  <p„  then  will  the  namber  of  equal 
parts  in  h  be 

h-r-iir^  r)  =  —  T^  ^(eay); 

h        t 

The  equal  parts  of  heat  in  q>^AB  (p^  ladLj  be  conceived 
to  be  secured,  physically,  by  a  succession  of  perfect  engines 
in  which  the  refrigerator  of  one  is  the  source  of  the  next, 
and  so  on.  It  was  in  this  manner  that  Camot  establishecT 
his  expression  for  efficiency.  The  amount  of  work  done  by 
heat  depended  only  upon  the  difference  of  the  temperatures 
of  the  source  and  refrigerator  and  some  function  of  the 
higher  temperature,  as  already  given. 

42.  To  express  equation  (21)  in'  terms  of  the  external 
work,  from  Fig.  13,  we  have 

U  =  v,AB  v^  =  I  p  dv\ 

.*.  dU  =1  p  d  v; 

r.^  =  (^-£)  d  V,  also  written  A  d  U\ 
dr         \d  rJ  dr 

hence,  substituting  in  (21), 

H,  =  r  fl^.  =  <p,AB  <p„  Fig.  13 ;  (22) 

T       ~    d  T    ~ 

^Kdr  =  ^-^dr  =  efhg. 
dr'  dr'  ''      ^ 


\ dv  J  at 


From  equation  (22)  it  appears  that  the  heat  absorbed  may 
bo  found  from  the  temperature  at  which  it  is  absorbed  and 
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the  external  work  regarded  as  a  function  of  the  tempera- 
ture. 

The  three  preceding  articles  will  be  more  clearly  under- 
stood after  becoming  more  thoroughly  familiar  with  the  sub- 
ject as  developed  in  the  following  pages. 

43.  In  equation  (19)  the  quantity  under  the  integral  sign 
for  a  given  expansion  is  constant,  hence  d  r  may  be  inte- 
grated between  limits,  giving 

"      fdh=H,-IIMr-r^)j(~f)dv=ABzy  (28) 

of  Fig.  13,  in  which  r,  is  the  absolute  temperature  of  the 
isothermal  A  B  and  r,  tliat  of  y  z^  and  7/,  the  heat  absorbed 
along  A  B  and  77^  that  rejected  along  z  y.  Heat  absorbed 
during  an  operation  may  be  considered  positive  and  that 
emitted,  negative. 

EXERCISES. 

1.  If  the  equation  of  the  gas  be^  v  =  i?  r,  find  the  heat 
absorbed  during  expansion  at  the  constant  temperature  of 
600°  F.  from  v^  =  ten  cubic  feet  to  v^  =  30  cubic  feet. 
(Use  Eq.  (21).) 

2.  If  the  equation  of  tlie  fluid  be  »  =  i? —  (of 

which  carbonic  acid  gas  is  a  special  case),  find  the  area  of 
one  of  the  strips  in  Fig.  13  for  a  difiFerence  of  temperature 
d  r,  for  an  expansion  from  v^  to  i\  at  the  temperature  r,. 


A™.[*^i-+»(l-l)].n 


3.  Find  the  latent  heat  of  expansion  in  the  preceding  ex- 
ercise. 

V  TV 


4.  If  the  equation  of  tlie  gas  be  ^  =  i?  —  —  — 5,  find 
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the  external   work  done  in  expanding  from  v,  to  v,  at  the 
temperature  r,.  , 

Ans.  Jir7og^-J  -t  (L  -L). 
V,        r,  \v,       v,/ 

5.  Find  tlie  internal  work  done  in  exercise  i. 

6.  In  exercise  4  find  the  area  between  the  two  consecutive 
adiahatics  A  tp,  and  b  n.  Fig.  13. 

7.  In  exercise  4  find  the  ratio  of  tlie  internal  work  to  the 
external  for  an  expansion  from  v,  =  9  to  tj,  =  18  cubic 
feet,  at  r  =  700°  F.,  ^  =  35,  and  b  -  48000. 

8.  If  the  equation  of  a  gae  were^  =  4  «  t,  find  the  heat 
absorbed  at  the  teniperatnre  r  =  600°  F.  in  expanding 
from  20  to  30  cubic  feet,  and  reduce  to  thermal  anits. 

44.   General   Case.— Let  the  path  of  the  fluid  be 
arbitrary,  aa  A  B,  Fig,  16,  A  ip„  B  ?)„  two  adiabatics  In- 
definitely extended  to  the  right,  tlieu,  as  shown  in  Article  34, 
the  area  <p,  A  B  ip^  will  represent  the 
heat  absorbed  in  passing   from   state 
A  to  state  B.     To  find  this  area,  con- 
ceive it  to  be  divided  into  an  indefi- 
nite  number    of   indefinitely  narrow 
strips,   as  follows: — Divide   the    line 
^^  into  an  indefinite  number  of  parta      , 
by  the  isothermals  ao,  b  p,  &c.,  differ-  do.  i«. 

ing  hyd  r,  the  points  of  division  being 
at  a,  b,  c,  &c, ;  and  from  these  points  draw  verticals  inter- 
secting the  isothermals  next  below  in  the  points  n,  o,p,  g,  &c. 
Tlirough  the  points  a,  5,  c,  &e.,  and  «,  o,  p,  Ac,  draw  adi- 
abatics, a&a  m,o  m„  b  m, ;  then  will  the  sum  of  all  the  strips 
■m  a  o  m„  m^ob  m„  &c.,  ultimateli/eqasl  the  area  q>,  A  B  fl*,. 
If  r  be  the  absolute  temperature  of  any  iaothennal,  &s  a  o, 
and  d  -0  the  expansion  from  state  a  to  state  o,  then,  accord- 
ing to  equation  (20),  will  the  area 
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and,  according  to  Article  39,  the  area 

m^oh  7/1,  =  K^  d  r  ; 
hence,  ultimately, 

a?'ea  m  ah  m,  =:  d  IT  =  K^  d  r  -\-  r  ij^j  d  v,   (24) 

which  is  a  genebal  differential  equation  of  thermody- 
namics. 

In  this  solution  the  polygon  Anao hp^  &c.,  is  inscribed 
in  the  figure  q)^AB  ^„  but  the  same  result  would  be 
reached  if  the  polygon  were  circumscribed,  as  indicated  in 
the  figure  ^d^^  A  u  aw\  &c. 

From  equation  (24)  we  have 


(25) 


but  the  general  integral  cannot  be  found  since  Ky  is  not  a 
known  function  of  r,  nor  r  and  ( y^J   known  functions  of 

V.  In  equation  (24)  r  and  v  are  independent  variables. 
The  shaded  strip  m  a  o  m,  represents  heat  transmuted  into 
work  due  to  an  isothermal  expansion,  and  the  imshaded 
strip  7«,  0  b  m^  the  increased  energy  of  the  substance,  both 
actual  and  potential,  due  to  the  change  of  temperature  in 
passing  from  «  to  J. 

45.  To  make  r  and  p  inde- 
pendent variables.  Intersect  the 
path  A  Bj  Fig.  17,  with  consecutive 
isothermals  differing  by  the  constant 
rf  r,  as  before ;  and  from  the  points  of 
division  J,  ^,  rf,  &c.,  draw  lines  parallel 
to  the  axis  0  v^  intersecting  the  ad- 
jacent isothemials  in  the  points  v,  o^ 
&c.,  thus  describing  an  inscribed  poly- 
gon, Anho^  &c.  A  circumscribed  polygon  would  answer  the 
same  purpose.     Through  the  vertices  of  the  polygon.  A,  n, 
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h,  o,  c,  Ac,  draw  the  adiabatica  b  m„  c  m„  o  m„  &c.,  then, 
ultimately, 

m,  b  c  tn,  =  d  JI  =  m,  h  o  7/i,  —  jn,  c  o  in, 

=  K^dr  ~  m,co  m„  (Eq.  (12)), 


=  K^dr  -~ 


■  (^^  rft-,(Eq.(20)). 


But  d  V  in  this  equation  is  the  alieciBea  uf  o  in  reference 
to  c  (FigB.  17  and  18),  on  an  isother- 
mal through  c,  and  hence  is  not  de- 
termined directly  from  the  equation 
of  the  path.  Change  tliis  d  v  to  d  v' 
and  let  bk  =  d  v,  being  the  differ- 
ence of  the  abscissas  of  two  consecu- 
tive points  of  the  path ;  then  no  'l8^  "* 
1^1    =:  the  rate  of  change  of  pressure, 

'(■/     )   ^'^=^b/  =  ci=  increase  of  pressure. 


Bnt  icnJ  =  hoce  having  tlie  coiniiioii  baee  c  o  and 
lietwGeii  tlie  same  parallels.  Multiplyingthe  last exprceeion 
hy  r  -i-  d  T,  and  Buhfltitnting,  gives 


i  //  =  K. 


(^j^)/P-  (28) 


Equation  (26)  id  a  Seconal  obneral  equation  of  thermody- 
namics in  wliicli  t  and  p  are  the  independent  variables. 
Other  foni\s  may  be  deduced  from  these,  as  will  hereafter 
be  shown.  For  convenience  of  reference  tliese  equations 
are  brought  together. 
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46.  The  two  fundamental  equations  of  ther- 
modynamics are  : — 


dir=K^dr  -  r  {i^\  dp. 


(A) 


The  remainder  of  this  work  will  consist  chiefly  of  a  dis- 
cussion of  these  eqnations.  Thermodynamics  is  the  science 
which  treats  of  the  mechanical  theory  of  heat. 

Questions  for  Exahinatiom. 

(Some  of  these  questions  require  knowledge  outside  of  this  text.) 

Qive  instances  of  heat  generated  by  mechanical  action.  Draw  infer- 
ence. What  did  Count  Rumford  conclude  ?  Describe  Davy's  experi- 
ment. Is  his  experiment  conclusive  ?  Who  first  made  an  exact  deter, 
mination  of  the  mechanical  equivalent  ?  Describe  his  methods.  How 
long  did  he  devote  himself  to  the  subject  ?  What  did  he  consider  the 
most  probable  value  ?  What  is  meant  by  work  ?  momentum  ?  energy  ? 
foot-pound  ?  horse-power  ?  metre-kilogram  ?  heat-unit  ?  caloric  ?  rate? 
Define  exactly  the  *'  thermal  equivalent."  Why  does  the  mechanical 
equivalent  depend  upon  latitude  ?  altitude  ?  thermometer  used  ?  In 
what  respects  do  the  results  of  Rowland's  experiments  differ  from  Reg- 
nault's  ?  Is  perpetual  motion  possible  ?  Why  not  ?  When  a  gas  ex- 
pands, why  does  the  temperature  fall  ?  When  it  expands  into  a  vacuum » 
does  its  temperature  fall  ?    . 

What  is  an  atom  ?  molecule  ?  "ether  "?  What  are  heat  rays  ?  In  what 
respects  do  heat  and  light  differ  ?  agree  ?  When  is  a  body  transparent  ? 
opaque  ?  athermanous  ?  diathermanous  ?  When  is  a  bbdy  heated  by 
radiation  ?  conduction  ?  When  a  body  is  heated,  what  three  effects  may 
be  produced  ?  What  is  specific  volume  ?  specific  pressure  ?  specific  grav- 
ity ?  specific  heat  ?  real  specific  heat  ?  apparent  specific  heat  ?  latent 
heat  ?  latent  heat  of  expansion  ?  thermal  capacity  ? 

What  is  a  perfect  gas  ?  imperfect  gas  ?  Does  the  coefficient  of  expan- 
sion  vary  with  different  gases  ?  For  what  is  it  least  ?  What  is  the  "  ab- 
solute zero"?  Can  it  be  realized  ?  Of  what  value  is  it  in  theory^ 
What  is  thermodynamics  ?  What  is  a  general  equation  of  thermodynam- 
ics ?  Eliminate  d  r  from  equations  (^),  and  deduce  a  third  equation  for 
dH, 


dII=K,dr-\-pdv.  I 
dH=K^dr-vdp.\ 


CHAPTER  ir. 

PEEFEOT       QASE8. 

47.  Difference  of  specific  heata.  From  the 
equation  of  a  perfect  gas,  equation  (2),  we  find 

{iP\  =  K  =2-, 

\dT  /         V  r ' 

\  dr  J        p  T  ' 

and  these  in  equations  (A)  give 

Let  V  be  constant,  then  dv  ~o,  and  dj?  =  —dr, and  tiie 

preceding  equations  will. give,  by  placing  the  secondmem- 
bers  equal, 

K^-K,=  R;  (28) 

hence,  the  difference  of  the  two  apeeijic  heats  for  a  perfect 
gas  is  constant. 

48.  Specific  heat  constant.  In  a  perfect  gas  no 
internal  work  is  done  during  a  change  of  state,  hence,  at 
constant  volume,  no  work  will  be  done  by  the  absorption  of 
heat,  and  all  the  heat  absorbed  will  be  sensible  at  all  temper- 
atures ;  hence,  the  specific  heat  of  a  perfect  gas  at  constant 
volume  will  be  constant,  and  equation  (38)  shows  that,  in 
this  case,  the  specific  heat  at  constant  pressure  will  also  be 
constant.  It  is  found  that  the  specific  heat  for  sensibly  per- 
fect gaeee  at  constant  volume  is  independent  of  the  volume. 
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Let  KyZ=:Cy  and  K^=:  C^  for  sensibly  perfect  gases,  and 
equations  (27)  become 

d  H=z  Cydr  +  jE?  d  v, )  /  d\ 

dir^  C^dr-^vdp,\  ^    ^ 

which  are  the  general  equations  of  sensibly  perfect  gases. 
Equation  (28)  becomes 

R^C^-^  C,.  (29) 

• 

When  Clausius  first  established  the  preceding  equation, 
he  concluded  that  both  specific  heats  were  constant  for  per- 
fect gases  at  all  pressures  and  temperatures,  although  this 
view  opposed  the  one  then  prevalent — that  the  specific  heat 
was  a  function  of  the  density  of  the  gas.  Soon  after,  how- 
ever, the  experiments  of  Regnault  confirmed  the  conclusion 
of  Clausius  by  showing  that  it  was  practically  constant  for 
the  so-called  permanent  gases,  as  air,  oxygen,  hydrogen  and 
nitrogen. 

liegnault  found  the  following  results  for  air  at  constant 
pressure  {Relation  des  Experiences^  ii.,  108). 

Heat  required  to  raise  the  temperature  of  one  pound  of 
air  1°  C.  at  constant  pressure, 

between  —  30°  C,  and  +    10°  C.      0.23771  thermal  units, 
"  0°  a   "     +  100°  a      0.23741       "  " 

«  0°  a   "     +  200°  a      0.23751       "  " 

which  show  that  it  is  not  strictly  uniform,  neither  is  the  law 
of  change  apparent.  There  is,  apparently,  a  minimum 
value,  but  it  is  not  safe  to  assert  that  such  is  the  fact,  much 
less  to  assign  its  place.  Other  experimenters  find  values 
differing  slightly  from  these.  The  departure  from  the  mean 
is  so  small,  we  may,  for  all  ordinary  purposes,  consider  the 
specific  heat  as  constant. 

Regnault  also  determined  the  specific  heat  of  air  under 
different  pressures  from  1  to  12  atmospheres,  and  of  hydro- 
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gen  from  1  to  9  atmospheres,  and  found  the  specific  lieats  of 
each  to  be  sensibly  constant  within  these  respective  ranges. 

49.  The  perfectness  of  a  gas  may  also  be  tested 
by  comparing  its  agreement  with  the  equation  of  a  perfect 
gas.  Thus,  Regnault  found  for  atmospheric  air,  if  the  vol- 
ume be  constant,  the  following : 


Density,  or  pienaie,  tn  atmosphetes 

Ratio  of  pttttan  at  constant  volnme  at  100°  C. 

at  0»C. 

to  that  at  0°  C. 

0.1444 

1.36482 

0.2294 

1.36513 

0.3501 

1.36542 

0.4930 

1.36587 

1.0000 

1.36650 

2,2084 

1.36760 

2.8213 

1.36894 

4.8100 

1.37091 

If  the  gas  were  perfect  we  would  have  for  a  constant  vol- 
ume -y,  from  equation  (2), 


P 


R 


in  which  the  range,  r,  —  r„  of  temperature  being  constant, 
and  equal  100°  C.  in  the  preceding  table,  and  r^  =  273.7°, 

the  ratio  of  ^  would  also  be  constant.     The  preceding  table 

Px 

shows  a  slight  increase  in  this  ratio  with  the  increase  of  the 
density  from  0.1444  to  33.3  times  that  value.  The  depart- 
ure, however,  from  uniformity  is  so  small  that,  for  ordinary 
purposes,  air  may  be  treated  as  a  perfect  gas  in  this  re- 
spect. 

When  the  pressure  was  constant,  it  was  found  that  the 
volume  increased  as  follows  : 


I 
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Preaeure. 

Increaao  of  volume  for  an  Increase  of  100^  C,  the  original  volame 

beinff  unity  in  each  case. 

Atmospheric  air. 

Carbonic  acid. 

Hydrogen. 

760mm. 
2525 

0.36706 
0.36944 

0.37099 
0.38455 

0.36613 
0.36616 

In  these  experiments  the  increase  of  volumes  was  greater 
for  the  same  range  of  temperatures  when  the  pressure  was 
greater,  although  for  hydrogen  the  rate  was  ahnost  exactly 
constant.  If  the  gas  were  perfect  we  would  have  for  a  con- 
stant pressure  j9„  the  equation 

—       ±  —  — _ , 

the  left  member  of  which  should  be  constant  if  the  gas  were 
perfect,  the  range  of  temperatures  and  the  initial  tempera- 
ture being  constant. 

In  some  other  experiments  the  same  mass  of  different 
gases  was  subjected  to  different  pressures  vrith  the  following 
results,  V  being  the  volume  of  one  pound  of  the  mass : 


Density  or 

Hydrogen. 

Nitrogen. 

Atmrnpheric  air. 

T 

P 

pv 

P 

pv 

P 

pv 

2 

4 

8 

16 

2.0008 

4.0061 

8.0339 

16.1616 

1.0004 
1.0015 
1.0042 
1.0101 

1.9995 

3.9918 

7.9641 

15.8597 

0.9992 
0.9979 
0.9955 
0.9912 

1.9975 

3.9860 

7.9457 

15.8045 

0.998782 
0.996490 
0.993212 
0.987780 

This  table  shows  that  these  three  gases  follow  nearly  the 
gaseous  law  expressed  by  the  equation^  t;  =  ^  r„  that  for 
hydrogen  p  v  increases  slightly  with  increase  of  pressure, 
while  for  nitrogen  and  atmospheric  air  this  product  decreases 
with  increase  of  pressure. 
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The  following  table  gives  the  expansion  of  several  gases 
under  constant  pressure  from  0°  C.  to  100°  C,  and  the  in- 
creased tension  for  the  same  range  of  temperatures  under 
constant  volumes,  the  initial  pressure  being  one  atmosphere, 
as  determined  by  Begnault. 


SabAtonce. 


Hydrogen 

Atmospheric  air 

Nitrogen 

Carbonic  oxide 

"        acid 

Protoxide  of  nitrogen. 

Sulphurous  acid 

Cyanogen 


Increase  In  volaine 

under  constant 

pressure  for 


100*  C. 


0.3661 


I'*  P. 


0.002034  0.3667 


Increase  of  pressure 

under  constant 

volume  for 


100»C. 


0.367010.002039 
0.3670  0.002039 
0.3669  0.002038 
0.3710  0.002061 
0.3719  0.002066 
0.3903  0.002168 
0.38770.002154 


0.3665 
0.3668 
0.3667 
0.3688 
0.3676 
0.3845 
0.3829 


i«r. 


0.002037 
0.002036 
0.002039 
0.002037 
0.002039 
0.002032 
0.002136 
0.002127 


60«  To  find  C^.  The  specific  heat  of  any  substance 
at  constant  volume  has  not  been  found  to  any  degree  of  ac- 
curacy by  direct  experiment,  but  its  value  for  sensibly  per- 
fect gases  may  be  computed  from  equation  (29),  for  we 

have 

(7,  =  C;  -  R,  (30) 

which  is  the  required  equation. 
Regnanlt  found  for  air,  tlie  mean  value 


Cp  =  0.2375  T.  U. 


.-.  C\  =  184.77  =  0.2375  X  778. 
Also,  equation  (3'),  R  =    53.37 
difference  =  C;  =  131.40 ; 

.-.  c^  =  0.1689  =  131.40  -r-  778. 

Equation  (3^)  is  here  used  because  the  determinations  were 
made  with  the  air  thermometer. 

51.  Relative  specific  heats.    Since  both  specific 
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heats  are  constant  for  perfect  gases,  their  ratio  will  be  con- 
stant, which  we  will  represent  by  y ;  then 

t = I = '-•  w 

For  air  we  have 

0.2375       ,  ,^„, 
^  =  01689  =^-*^«l- 

This  ratio  was  originally  found  by  means  of  the  velocity 
of  sound  in  the  gas,  in  a  manner  soon  to  be  explained,  Art.  60 
From  equations  (30)  and  (31)  we  find 

C^  =  ^-2^  R  =  -y—  .P±v,=.Dv^         (32) 
X  —  1  y  —  1     to 


where  2>  is  a  constant  for  sensibly  perfect  gases ;  hence,  for 
another  gas  we  have 

that  is,  the  specific  heats  of  two  sensibly  perfect  gases  are  di- 
recUy  as  their  spedfio  t^dLumes. 

But  the  specific  volumes  are  inversely  as  the  specific 
weights,  or  densities,  of  the  gas,  or 

-=  — ; 

w       g  6^ 
hence, 

^  =  1'  =  ^  ;  (34) 

that  is,  the  spedfio  heats  of  two  perfect  gooses  are  inversely  ' 
as  their  densities. 

52.  Let  the  temperature  be  constant  during 
expansion,  find  the  heat  absorbed. 
For  this  condition 

dr  =z  o 
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in  the  first  and  second  of  equations  (B),  and  from  the  first 
we  have 


// 


=Jp  d  V, 


(35) 


which  may  be  integrated  if  je?  be  a  known  function  of  v. 
The  equation  of  tlie  path  of  the  fluid  will  be  equation  (2), 
making  r  =  t„ 

the  value  of  p  from  which  substituted  in  the  preceding 
equation  gives 


Jv.      * 


% 


«. 


(36) 


The  first  member  of  this  equation  may 
be  represented  by  the  area  <p^AB  ^„ 
Fig.  19,  and  the  last  member  by  v^A 
B  i),,  which  is  the  external  work  done 
during  the  expansion ;  hence,  in  a  per- 
fect gas  the  external  work  done  during 
an  isothermal  expansion  equals  the  heat 
absorbed — a  necessary  result,  there  be- 
ing no  internal  work. 

Since  the  area  A  B  h  \^  common,  it  follows  that,  for  a 

perfect  gas, 

(p^  h  B  <p^  =  v^  A  h  %, 

53.  Let  the  volume  be  constant. 

dv  =  0  and  v  =  v^y  and  equations  (B)  give 

ff=  (7,(r.-r.); 

H^  C^  (r.  -  r.)  -  V,  {p,  -p). 

But  the  equation  of  the  gafi  gives 

v^p^  =  E  r„        V,  p,-  E  T„ 
and  the  condition  of  the  problem  gives  -y,  =  ^, ; 

•••  11=0^  (r,  -  T.)  -  ^  (r.  -  r.) 
=  (Cp  -  i?)  (r.  -  r.), 


Then   will 


(37) 
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which  placed  equal  to  equation  (37)  gives 

(7,  =  (7p  -  B, 

as  before  found  in  equation  (29). 

54.  Let  the  pressure  be  constant.    SigniJicanGe 
of  Uy  equation  (29).     Let  the  heat  absorbed  be 

dll^C^dt,  (38) 

and  equation  (-ff),  becomes 

(6p  —  Cy)  dr  z=  p  dv  \ 

and  since  jp  is  constant  during  the  absorption  of  heat,  a£  indi- 
cated by  the  condition  in  equation  (38),  we  have  by  integrating 
the  last  equation  between  the  limits  t  and  r  + 1  for  temj^r- 
ature,  and  v^  and  v^  for  volumes,  observing  that  v^  —  v^  will 
be  the  horizontal  distance  between  the  isothennals  r  and 
r  +  1  at  the  upper  extremity  of  the  ordinate  ji?,  we  have 

that  is,  the  value  of  S  u  the  energy 
exerted  hy  one  potind  of  the  gas 
in  expanding  at  con^ta7it  pressure 
while  the  temperature  increases  one 
degree. 

In  Fig.  20,  if  the  isothermals  through 
A  and  B  respectively  diflfer  by  one 
degree,  A  B  being  horizontal,  B  C 
vertical,  we  have 

C^  =1  m^  A  B  7/1,,  Cy  =^  m^C  B  w,, 

and  by  the  second  law, 

v^  A  C v^  =•  m^  A  G m^\ 
r ,  C^  —  Cy  ^=.  m>^  A  B  m^  —  m^  C Bm^  =  ia^  A  B  Cm.^ 
=  m,A  Cm^  +  ABC, 
=  V,  A  Cv,-\-  A  B  C  =  V,  A  B  V,] 
.'.  B  =  v^  A  B  v^, 

which  is  the  external  work  done  during  the  expansion  at 
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constant presBnrefroiQ  the  Btate  ji  on  one  isothermal  to  the 
Bta,teJion  the  isothermal  one  degree  higher,  as  stated  above. 

For  air  this   becomes   53.21   foot-ponndfl   (Eq.  (3)),   or 
53.21   -¥■  778  =  0.069   of    a  thermal 
tinit. 

55.  Let  the  path  be  arbitra- 
ry. Then  will  the  first  of  equations 
(fi)give 

JI~  fj>flv  =  C,  (t,  -  T,). 

•^  ■  FIG.  21. 

The  second  tcnn  is,  Fig,  21, 


/ 


p  d  V  =  V,  A  B  11 


and  may  be  separated  into  two  parts.     Throngh  A  draw  the 
isothermal  A  f?,  and  tlie  adiabatioa  Am,  C'm^,  B  m.^;  then 
v,  A  Cv,  =  m  A  C  mr; 
.:    fpdv=mACmT-\-ABG. 

But 

//  =  711  A  £  m,; 

.-.  //  -fj>  dv  =  mABm^-mACmr-ABC 

=:mrCBm,=  C;(t,-t,),  (Eq.  (37)); 
that  is,  to  find  the  increased  energy  of  the  snbstance  in 
passing  from  state  A  to  state  B  due  to  the  absorption  of 
heat,  through  the  initial  state  A  of  the  substance  represented 
on  a  diagram  of  energy  pass  an  isotliermal,  and  note  the 
point  C  where  it  intersects  the  ordinate  to  the  second  state, 
then  will  the  area  between  6'  B  and  two  adiabaties  drawn 
respectively  through  C  and  B  indefinitely  extended  in  the 
direction  of  increased  volume,  represent  the  increased 
energy  of  the  substance. 

Let  the  isothermal  A  C  he  prolonged  to  an  intersection 
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with  Btp^,  at  D,  Fig.  22,  then  according  to  the  Becond  law 
the  indefinitely  extended  area  <p,  CD  (p,  will  eqnal  v,C  D  v', 
to  which  adding  the  area  B  C  D,we 
**  have 

^,OBg>,  =  v.BDv', 
by  wliieh  means  the  increased  energy 
of  the  substance  in  the  state  B  over 
that  in  state  A  may  be  represented  by 
the  finite  area  v^  B  D  v'.  Thus  in 
Fio.  aa.  working  from  v,  to  v,  along  the  path 

A  B,  Fig.  23,  the  external  work  v,AB 
V,  will  have  been  done,  and  the  enei^  o£  the  substance 
will  have  been  increased  by  the  heat  absorbed  an  amonnt 
represented  by  tlie  area  v^B  D  v'.  This  mode  of  repre- 
sentation is  due  to  M.  Cazin. 

If  a  piston  were  driven  by  the  expansion  of  a  fluid  with- 
out absorbing  or  emitting  heat,  it  would 
do  tiie  work  v,  A  E'0„  Fig.  22,  wiiere 
^4  A'  is  an  adiabatic ;  but  if  the  heat 
of  tlie  expanding  fluid  be  maintained 
constant,  it  will  do  the  work  v^A  Cv„ 
where  A  O  is  an  isothermal.  In  the 
latter  case,  the  lieat  absorbed,  4p^A  G  . 
^„  according  to  the  second  law,  eqnals  p,Q   gg 

the  entire  work  done,  v,  A  Cv,;   but 
the  work  done  duo  to  the  heat  absorbed  exceeds  that  done 
by  adiabatic  expansion  by  the  area  E  A  C. 

EXERCISES. 

1.  Deduce  equation  (37)  from  the  second  of  equations  {B\ 
employing  any  other  equation  necessary. 

2.  How  many  foot-pounds  of  heat  must  be  absorbed 
by  2  pounds  of  air  in  expanding  to  double  its  initial 
volume  at  the  constant  temperature  of  100°  Y.\     How 
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many  degrees  F.  would  it  raise  the  temperature  of  20 
pounds  of  water  ?  Here,  r,  =  460.66  +  100  =  560.66,  and, 
equation  (36), 

Zr  =  2  X  53.21  X  560.66  X  (2.303  X  0.301030) 
=  41370  ft-lbs. 

41370         ^^^ox. 
'  =  203^778  =  2-^«   ^'  ^^^^^y- 

3.  How  many  B.  T.  U.  of  work  must  be  expended  in 
compressing  3  poimds  of  air  at  the  constant  temperature  of 
15°  C.  to  one  fourth  its  initial  volume  ? 

4.  By  means  of  equations  (3),  (29)  and  (31)  reduce  equa- 
tions (-ff)  to  the  following : — 


dJB:=  C^  [o.711  dT  +  0.2887  r  ^]- 
dIT=  Cy  [lAOe  dr  -^  0.406    r  ^1. 


(39) 


5.  The  specific  heat  of  hydrogen  at  constant  pressure 
being  3.4090  find  the  specific  heat  at  constant  volume. 
Find  the  ratio  of  the  specific  heat  at  constant  pressure  to 
that  at  constant  volume. 

6.  The  specific  heat  of  x^xygen  at  constant  volume  having 
been  found  to  be  0.1551  find  the  specific  heat  at  constant 
pressure ;  the  ratio  of  the  two ;  and  their  values  in  foot- 
pounds. 

7.  Having 

Cp      C/y      =      Xt, 

and 

S>  =  ;.  =  1.406, 

to  find  Cp  and  C>  in  terms  of  R. 

Ans.  Cp  =  3.463  It  =  — 21-  R. 

y  -1 

C\  =  2.463  R  =  — —  R. 

r  —  1 


60  PEIU'ECT  GASES.  [S5.] 

8.  Find  the  value  of  D  in  equation  (32),  and  the  yaloe  of 
C,  in  terms  of  %. 

9.  The  specific  heat  of  air  being  0.2375,  and  the  weight 
of  a  cubic  foot  being  0.080728  lbs.,  and  the  weight  of  a 
cnbic  foot  of  hydrogen  l)eing  0,005592,  find  the  specific 
heat  of  tiie  latter  by  equation  (34)  and  compare  the  result 
with  the  tabular  value. 

10.  How  many  foot-pounds  of  heat  must  be  absorbed  in 
expanding  three  kilograms  of  air  at  the  constant  temper- 
ature of  30°  C.  from  3  cubic  metres  to  5  cubic  metres  ? 

11.  If  the  equation  to  the  path  of  the  gas  be^  =  o  «  +  J, 
the  initial  volume  «,  =  10  cu.  ft.,  initial  pressure  2000  lbs. 
per  square  foot,  the  terminal  »,  =  20  en,  ft.,  p,  =  5000  lbs. ; 
how  much  heat  must  be  absorbed  in  passing  from  the 
initial  to  the  terminal  state,  how  much  external  work  will 
be  done  and  how  much  will  the  energy  of  the  substance  be 
increased  \     Let  the  substance  be  atmospheric  air. 

Approx.  ans.  //  =  232000  ft.-lb6. 

35000  "     « 

n -   f^  dv  =  197000  "    " 

12.  How  much  heat  must  be  absorbed  by  a  perfect  gas  ia 
expanding  at  a  constant  pressure  from  »,  to  v„  the  initial 
temperature  being  r,  ?    What  will  be  the  final  temperature ! 

13.  How  much  heat  must  be  absorbed  by  a  perfect  gas  in 
expanding  from  the  state ^,,  v,  to^„  v„  the  equation  to  the 
path  being  jj'  =  ot  (w  —  J)  ?  If  gas  be  air,  p,  =  2000  lbs. 
per  it.,p,  =  6000,  w,  =  10  cu.  ft.,  and  «,  =  20  cu.  ft. 

Ana.  290580  ft.-lbfl. 

14.  In  the  preceding  example,  the  heat  absorbed  would 
raise  the  temperature  of  how  many  pounds  of  water  through 
three  degrees  F.  ? 

15.  How  many  B.  T.  U.  will  be  required  to  double  the 


A 
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volume  of  one  pound  of  air  at  constant  pressure  from  the 
temperature  of  melting  ice  ? 

16.  How  much  heat  will  be  absorbed  in  expanding  a  per- 
fect gas  to  twice  its  initial  volume,  if  the  equation  to  the 
path  hGj)v^  =  c{2L  constant)  ? 

56.  Let  the  gras  expand  without  transmis- 
sion of  heat.  Since  no  heat  is  absorbed  or  emitted,  we 
have,  in  equations  (J?), 

dII=o; 
.\  Cy  d  T  =  -—pdvy 
Cj,d  r  =^  V  dp. 

Dividing,  gives 

dp  __        C^dv_^  dv 

Integrating, 

where  ^,  and  v^  are  the  initial  limits,  the  other  limits  being 
general.     From  this  we  find 

7  7 

pv=p^v^  =  constant^  (40) 

which  is  the  equation  of  the  projection  of  the  line  of  no 
transmission  on  the  plane  jp  v.  To  find  it  on  the  plane  r  -y, 
eliminate  J!?  from  the  preceding  equation  by  means  of  equa- 
tion (3)  and  find 

al60=^      7   '  (41) 


Tj  \vl 


which  are  the  equations  to  the  adiabatics  for  perfect  gases. 
If  ^„  -Vj,  r,  be  terminal  values,  then 


^ = (t)  =  if) '        '*^ 
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EXERCISES. 

1.  Two  cubic  feet  of  air  at  60°  F.,  and  initial  pressure  one 
atmosphere  (absolute),  is  compressed  in  a  cylinder  to  5  at- 
mospheres gauge  pressure ;  if  there  be  no  transference  of 
heat,  required  the  terminal  temperature  and  volume,  and 
the  pounds  of  water  at  50°  F.  necessary  to  reduce  the  tem- 
perature to  65°  F. 

We  liave,  omitting  0.66  in  the  temperature, 

Ti  =  460  +  60  =  520"  F. 

r,  =  530  (i)^^  =  873"  F. 

V,  =  2  (i)^^^^*  =  0.559. 
TT (65-50)  =  2  X  0.3375  (r,  -  535)  X  0.0807 
.  '.  Tr=.89Jb. 

2.  If  one  cubic  foot  of  air  expands  from  a  pressure  of  4 
atmospheres  gauge  pressure  and  temperature  of  60°  F.  to 
an  absolute  pressure  of  one  atmosphere  without  transmission 
of  heat,  required  the  terminal  temperature. 

We  have 

r,  =  520  {iy*"^^^  =  827"  ; 
.  • .  r,  =  827  -  460  =  -  133"  F., 

or  the  terminal  temperature  will  be  133"  below  the  zero  of  Fahrenheit's 
scale. 

57.  It  will  be  seen  from  exercise  2  that  a  low  tempera- 
ture may  be  secured  by  suddenly  expanding  a  gas  from  a 
high  pressure  and  moderate  temperature  to  a  low  pressure. 
Tliis  principle  is  used  for  commercial  purposes,  one  form  of 
which  is  called  "cold  storage."  A  gas — as  ammonia — is 
compressed  to  a  comparatively  high  tension,  thus  increasing 
its  temperature,  and  allowed  to  cool  while  under  high  ten- 
sion, after  which  it  is  expanded  to  a  low  tension,  thus  pro- 
ducmg  a  low  temperature  of  the  fluid.     A  liquid  whose 
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freezing  point  is  lower  than  that  of  water — technically  called 
*^  brine  "—is  made  to  circulate  in  pipes  through  the  cool  fluid, 
thus  reducing  its  temperature,  after  which  it  passes  to  com- 
paratively air-tight  compartments  containing  the  articles  to 
be  preserved — such  as  meat,  vegetables,  fruit,  eggs,  &c.  Any 
desired  temperature  may  be  thus  maintained  for  any  length 
of  time  at  all  seasons  of  the  year.  Meat  is  thus  stored  and 
kept  frozen  for  months. 

Ice  machines  are  constructed  on  the  same  principle,  by 
means  of  which  ice  may  be  manufactured  during  hot 
weather. 

58.  An  air-compressor  is  a  machine,  or  engine,  for 
compressing  a  gas,  as  atmospheric  air,  to  a  higher  tension. 
Air  thus  compressed  is  useful  for  many  purposes — especially 
for  driving  engines  in  the  place  of  steam,  when  the  power 
is  to  be  transmitted  a  considerable  distance,  and  especially 
underground.  It  does  not  .condense  like  steam.  If  the  heat 
which  is  generated  in  the  act  of  compression  could  be  re- 
tained until  the  air  is  used  in  the  motor,  it  would  be 
useful,  but  a  large  portion  of  it  generally  escapes  through 
the  walls  of  the  conducting  pipes  and  storage  reservoirs, 
and  hence  is  energy  lost.  To  avoid  this  loss  efforts  are 
made,  in  the  use  of  the  best  compressors,  to  prevent  as 
much  as  possible  the  rise  of  temperature  during  the  pro- 
cess of  compression,  by  injecting  water  into  the  cylinder. 
The  water  should  enter  the  cylinder  in  the  form  of  a  fine 
spray,  the  elements  widely  diverging,  so  as  to  fill,  as  nearly 
as  possible,  the  entire  cross-section  of  the  cylinder  with  a 
mist. 

If  compressed  air  escaping  from  a  vessel  suddenly  ex- 
pands, its  temperature  may  be  reduced  to  such  an  extent  as 
to  freeze  the  water  in  it  and  choke  the  exhaust.  This  an- 
noyance is  reduced,  and  sometimes  prevented,  in  the  case  of 
motors,  by  causing  warm  air  to  circulate  about  the  exhaust, 
or  by  gradually  increasing  the  section  of  the  outlet.    Ref  rig- 
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eration  and  the  principles  of  the  air  compressor  are  discnssed 
on  pages  301-306  and  in  Chapter  V. 

EXERCISES. 

1.  An  air-compressor  whose  cross-section  is  2  sqnare  feet 
and  stroke  3  feet  takes  in  air  at  a  tension  of  14  pounds  per 
square  inch  and  temperature  60°  F.,  and  compresses  it  to  60 
lbs.  gauge  pressure  without  transmission  of  heat ;  required 
the  final  temperature  and  the  pounds  of  water  at  50°  F. 
necessary  to  reduce  tlie  temperature  of  the  air  to  55°  F. ;  Uy 
70°  F. ;  to  90°  F. 

2.  In  the  preceding  exercise,  if  the  air  at  60  lbs.  gauge  pres- 
sure and  70°  F.  expands  adiabatically  to  a  final  pressure  of  20 
lbs.  gauge  pressure ;  required  the  final  temperature  and  the 
pounds  of  water  that  it  would  cool  from  60°  F.  to  32°  F. 

3.  Required  the  entire  amount  of  heat-energy  in  one 
pound  of  atmospheric  air,  at  the  temperature  of  melting  ice, 
considered  as  a  perfect  gas. 

Considering  that  it  is  brought  to  its  present  temperature  by  being 

heated  from  absolute  zero  at  a  constant  volume,  we  have,  in  the  first  of 

equations  {B), 

dv  =  o; 

=   Cr     To  (a) 


'.ff=Cr     I     *dr=(7, 


But  from  equation  (40), 


=  131.40  X  492.66  =  64785  ft..lbs.  (» 

We  may  also  consider  that  the  entire  heat- 
energy  has  been  transmuted  into  external  work 
by  an  adiabatic  expansion,  A  J9,  Fig.  24,  in 
which  case  we  have,  from  the  first  of  equations 

dff=  0  =  CrdT'\-pdv. 


V  y 

;?  V  =  po  Vo  ; 

y    -Y 
.  • .  /)  =  Po  Vo  V  =  a  f?,  Fig.  24 ; 

30 


I 

1 


.'.^Cr/dT=Pf,Va     I        V'^dv, 


158.] 
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66 


or 


CVro=?^  =  ???l-4  =  W735; 


7-1      y-1 

.  • .  y  =  1.405  very  nearly. 

If  y  =  1.406,  as  previously  found,  then 

26214 


y-1 


=  64666, 


which  IS  about  ^i^  of  this  value  less  than  the  preceding. 

If  the  terminal  temperature  be  the  zero  of  the  air  tliermometer,  then 
the  value  of  jETin  equation  (a)  would  be 

H  =  131.40  X  491.18  =  64534, 

which  agrees  very  nearly  with  the  preceding  value,  where  y  =  1.406. 

4.  Required  the  height  to  which  a  ball  weighing  one 
pound  could  be  projected  upward  in  a  vacuum  by  the  heat- 
energy  in  one  pound  of  air  under  tlie  pressure  of  one  at- 
mosphere at  the  temperature  of  melting  ice.  (Use  the 
value  in  (J)  of  exercise  3.)  How  many  times  the  height  of 
a  homogeneous  atmosphere  ? 

5.  Required  the  entire  heat-energy  in  one  pound  of  hy- 
drogen at  sea  level  at  the  temperature  of  melting  ice. 

6.  Required  the  heat-energy  in  two  pounds  of  air  under 
the  pressure  of  one  atmosphere  at  the  temperature  of 
100°  F. 

7.  If  a  gas  be  forced  into  or  out  of  a  receiver  of  constant 
volume,  without  transmission  of  heat,  can  equations  (42) 
be  transformed  so  as  to  give  the  rela- 
tion between  weights,  temperatures  and 
pressures  ? 

8.  For  a  perfect  gas,  verify  the  fact 
tliat  the  external  work  v^AB  t)„  Fig. 
25,  equals  <p^AB(p^^AB  being  an  iso- 
thermal, A  <p^  and  B  (p^  adiabatics,  by 
finding  the  area  q>yh B ^,. 


The  equation  of  A  <px  will  be 


Pl  Vx    = 


Y 

pv. 
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of  Btpt, 


from  the  former, 


y  y 

PtVt    =  pv  ; 

y 

V 


from  latter. 


p=  ea=  ' ; 


y  y 


and 


area  9>i  6 


1/ 


(f  V 


Also, 


area 


Y    1-y 
P»  ^^a  —  Pi  Vi  Vj 

y-i 

,  y     1  — y 

"*        y  «  **     _  Pi  Vi  —  Pi  v,  v. 


y-1 


and  since  ^  J9  is  an  isothermal,  we  have  pi  I'l  =  ps  v, ;  hence 

area  <pib  B  <pi  =  area  vi  A  b  v^. 
Adding  J  5  d  ^  to  both,  gives 

vi  A  B  v^  z=  (pi  A  Bq>9, 

9.  In  a  perfect  gas,  show  that  if  the 
states  A  and  B^  Fig.  26,  are  on  the 
same  isothermal,  the  intrinsic  energies 
are  the  same  at  those  states,  and  hence 
independent  of  the  path  of  the  fluid 
'^*      between  those  states. 


0     Vi 


PIG.  26. 


This  follows  directly  from  the  analysis  of 
exercise  3  ;  for  it  is  there  shown  that  the  intrin- 
sic energy  at  A  will  be 

p.   V. 


and  hence  at  B 


r-i 

7-1' 
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but  since  A  and  B  are  on  the  same  isoihennal,  we  i 


and,  therefore,  the  two  preceding  exprcasious  are  equal,  tndcpendenlly 
of  the  patli  between  the  stales  A  and  B. 

10,  In  a  perfect  gas,  verify  the  principle:  The  elementary 
areas  hetween  consecutive   iBothermals 
and   a  pair  of  adiabatics  are  equal,  by 
using  the  equations  to  the  adiabatics. 

Let  A  B,  Pig.  27,  be  an  isothermal— the  top- 
most one — y  z  anj  other,  both  limited  bj  the 
pair  of  adlabaticB  A  ipi  and  B  <pt.    Lei  Isother- 
maU  be  drawn  under  A  B  and  y  t  reapectivety,      . 
BO  tliat  the  difference  in  temperatures  will  be  _^^   ™ 

d  T  in   each  ;    the  length  of   the  one  M  AB 

measured  on  the  axis  of  abscissas  being  v,  —  v,,  andoFyi,  V(  — V|,  weare 
to  piove  that 


I'''""I."' 


Let  the  equatio 

e  to  the  lines  be 

pv  =  a^RT,totAB. 

pv  =  btQT  A  Ipi, 

pv  =  ctoi  Bip,. 

To  find  the  abscissa,  v,,  of  the  point  of  Intersection  of  A  .Sand  A  tp\, 
make  p  common  to  equations  (1)  and  (3),  eliminating  which  gives 


Simihu'lj,  from  (1)  and  (4), 
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Similarly,  for  the  points  y  and  z,  we  have 


Vs 

IS 

1 

v* 

^*^ 

1 

=:; 

V 1   » 

^ 

•     *        ■ 

From  the  equation  to  a  perfect  gas,  we  have 

pv  ^  Rr  \ 

.  ' ,  dp=  — rf  r; 

V 


.-.    /     *dpdv  =  BdT    I     ^  ll.^Rdr  log% 


which  is  the  area  of  the  strip  A  B. 
Similarly, 


Ji  "^^  dpdv  =  Bdr    I     '-Z,  ^  Rdr  loff  -, 


which  is  the  area  of  the  strip  at  ^  2 ;  but  since  ^  =  2!?,  as  shown  above, 
it  follows  that  these  strips  have  equal  areas.        ''■       ^^ 

It  appears  from  the  above  that  the  lengths  of  the  strips  A  B  and  ^  jf 
are  unequal,  for 


vj  -  Pi  = J =  -y- » (8«y)» 


but 


V4  —  Va  = 


1 


tfv-i  ^y-i 
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For  instance,  if  the  temperature  o(  the  iaotbermal  y  z  were 
lut«,  &ad  of  A  B,  ew"  absolute,  then  from  (1)  and  (S)  above  n 


or  tlie  strip  aXyt  for  the  300"  abeolubt  temperature  would  be 
5^  times  the  length  of  the  topmout,  or  toe  600  degree  one, 
depths  we  Uave 

d  p,  =  -  d  r,  at  ^, 


rip,: 


being  lese  and  less  from  ,^  to  z. 


dp,-. 


2  dp,. 
2  dp,; 


d  p,  =  2  d  p,  =  i  d  p,. 

The  strips  increoHe  in  length  as  the  Isothermals  are  lower 
ature,  but  decrease  in  deptb.  Id  the  case  of  perfect  gases  t 
ulive  isothermala  cut  equal  areas  from  the  area  representin 
work,   and  the  area   representing   heal,    so   that  in    Fig.   IC 

abcd  =  efhff. 

11.  In   Fig.  28,  sliow  tliat  the  area  ^ 

V,  A,  B,v,  =  v,A,B^  v„  for   perfect 


^ 


Let  the  equations  to  the  lines  be 

for  A,  At,  pv  =  e,,  \ J 

for  B,  B,.  p  0  =  e,.  0      *  'i 

for,.!,  Jf,.  pv''  =  e,,  FIG. 

for  At  Mt,  pT*  =  (i; 

from,  which  the  co-ordinates  of  ,4,,  A,,  B,.  B,.  may  be  foui 
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1 
Ovi  =z  Vi  ^  l~y^^t  wid  similarly  for  the  other  co-ordinates.  We  have 

and  the  area  ««  At  B^  v^  reduces  to  the  same  value ;  hence,  in  working 
around  Camot's  cycle  the  v^ork  done  during  expansion  without  trans- 
mission of  heat  equals  that  done  during  compression  also  without  trans- 
mission of  heat,  and  they  cancel  each  other.  This  should  have  been  an- 
ticipated,  since  all  the  work  done  is  by  a  transmutation  of  heat 


12.  A  cylindrical  vessel  the  area  of  whose  base  is  one 
square  foot  contains  2  cubic  feet  of  air  at  60°  F.  when  com- 
pressed by  a  frictionless  piston  of  2000  pounds  resting  upon 
it ;  required  the  volume  and  temperature  of  the  air  if  the 
vessel  be  inverted,  there  being  no  transmission  of  air  or 
heat. 

13.  A  cylindrical  vessel  the  area  of  whose  bajse  is  a 
square  feet  and  height  h  feet  is  filled  with  air  at  60°  F.  and 
pressure  of  one  atmosphere;  a  frictionless  piston  whose 
weight  iswiB  placed  at  the  upper  end  and  dropped  into  the 
cylinder ;  if  there  be  no  escape  of  air  nor  of  heat  how  much 
will  the  air  be  compressed,  and  what  will  be  its  temperature 

at  the  instant  of  greatest  compression  ? 
Let  a;  =  the  height  of  the  volume  of  air  when  the  piston  has  descended 
to  its  lowest  point ; 
p  =  the  pressure  of  the  atmosphere  on  a  square  foot ; 
then  will  the  work  done  during  the  descent  of  the  piston  be 

(p  a  +  «J)  (ft  —  a-) ; 

and  the  opposing  work  done  by  the  air  will  be 

.     ^n.       s     apbr/    1  1    \ 

•■•  ^<» + ")<*-*) =0406  (i^  -  w^y 

from  which  the  value  of  x  may  be  found  when  numbers  are  substitated 
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v-1. 


for  the  other  letters,  and  therefore  b  ^  x  becomes  known.     Theadiabatic 
relation  also  gives 

r.=  580.6  (^) 

14.  If  the  heat  absorbed  varies  as  r^  find  the  path  of  the 
fluid. 

Here  H=  ai^  ; 

.\  d  H  =  a  nr'"*  dr, 

and  the  first  and  second  of  equations  {B)  give 

in  which  substitute 

p=  ^andt;=^, 
V  p 

and  dividing  through  by  r,  thus  separating  the  variables,  and  integrating, 
gives 

Eliminate  r  by  means  uf  equation  (3)  and  find  the  equation  in  terms  of  p 
and  V.    Equation  (2)  may  be  deduced  from  the  last  equation  here  given. 

15.  If  the  heat  absorbed  varies  as  v^  find  the  equation  to 
the  path  of  tlie  fluid. 

16.  If  the  heat  absorbed  varies  as  p^  find  the  path  of  the 
fluid. 

17.  If  IT  =  a  v""  -{-  bj)^  find  the  equation  to  the  path. 

APPLICATIONS. 

59*  Telocity  of  a  wave  in  an  elastic  medium.* 

This  article  is  a  digression  for  the  purpose  of  establishing  a  formula  from 


♦  The  general  problem  of  wave  propa^^ation  has  received  the  attention 
of  several  of  the  most  eminent  mathematicians  since  tlie  days  of  Newton, 
and  many  problems  have  been  solved  in  a  satisfactory  manner.  The 
simple  method  of  Newton,  Prindpia,  Prob's  XLIII.-L.,  B.  II.,  has  not 
been  excelled,  and  the  definite  theoretical  result  obtained  is  quoted  to 
the  present  day,  although  the  effect  of  heat  upon  the  velocity  of  sound 
was  not  then  known.  La  Place,  in  the  MScanigtte  CeUsU,  tomes  II.  and 
v.,  has  treated  of  the  oscillations  of  the  sea  and  atmosphere  ;  Lagrange, 
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which  y  may  be  deduced.  Assume  that  the  medium  is  conflned  in  a 
prismatic  tube  of  section  unity,  E  the  coefficient  of  elasticity  for  com- 
pression, pi  a  force  which  will  produce  a  compression  (2-^  in  a  length  d  x, 
then  from  definition  we  have 

The  lamina  d  x  will  be  urged  forward — or  backward— by  the  diflfer- 
ence  of  the  elastic  forces  on  opposite  sides  of  it,  and  as  the  quantities  are 
infinitesimal,  this  difiference  will  be  dp^ ;  or 

Let  I)  be  the  density  of  the  lamina,  then  its  mass  will  be  M  =^  D  dz, 
and  we  have  from  equation  (21),  page  18,  of  Analytical  Mechanics, 

d  V  dx 

or, 

dP      D  dj^ 

which  is  a  partial  differential  equation  of  the  motion  of  any  lamina,  the 
integral  of  which  is  given  in  works  on  Differential  Equations.  One 

of  the  methods  is  as  follows  :    Let  ^  -4-  Z>  =  a*,  and  adding  a ^ 

dxdt 

to  both  meml>ers,  we  have 


dt      \d  t    *      d  xj       dx       \dt  dxJ 


Let 


di  ^     dx' 


in  the  Mecnnique  Analyiique,  tome  II.,  has  discussed  the  problem  of  the 
movement  of  a  heavy  liquid  in  a  very  long  canal ;  M.  Navier  published 
a  M^moire  on  the  flow  of  elastic  fluids  in  pipes,  in  the  Acadimie  den 
Sciences,  tome  IX. ;  and  M.  Poisson  wrote  several  Memoires  on  the  propa- 
gafton  of  wave  movements  in  an  elastic  medium,  and  the  theory  of 
sound,  for  which  see  Journal  de  V6cole  Polytechniq\i€,  14lh  chapter,  and 
of  the  Aciulemie  des  Sciences,  tomes  II.  and  X.  These  eminent  mathe- 
maticians established  the  basis  of  the  analysis  for  the  solution  of  the 
problem.  More  recently  we  have  M.  I^m^'s  Lemons  hut  VElaMidti  des 
Corps  solides,  and  Lord  Rayliegh's  Treatise  on  Sounds  both  of  which  are 
works  of  great  merit. 
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then  {^\  -  ^ 

wbere  ibe  parenthesis  indicates  a  pArtial  dIfTerendal  coefflcien 

fiZ^  -     ^ 
HQd  equations  (43),  (44),  (45),  give 

The  total  dlfrercnlial  of  r  =  /(i,  ()  U 

^•'=(^r)-+(v:)-. 

by  substituting  (40), 

=  (IT). <.  +  .,. 

and  inlegrating, 

where  ^is  any  arUiirary  function. 
Simllarlj'  subtracting  a         "     trom  (48), 

I- =/(.-. «  =  ^-»g. 

Adding  and  subimcting  (47)  and  (48),  we  have  the  respecth 
^  =  »f(->  +  'iO  +  i/(«-"ll, 

Hilt 

liud  siibetituliug  from  above,  gives 

integrating, 

g  =  <l'(x+a()~>p(-t-al). 
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where  *  and  tp  are  any  arbitrary  funclions  wLatevet.  Their  cbaracler 
and  initi&l  values  muat  be  determined  fram  the  conditions  of  the  prob- 
lem. The  equation  represents  a  wave  both  from  and  toward  the  origin. 
If  Uie  wave  be  from  the  origin  only,  the  tp  function  may  be  suppressed, 
and  we  have 

y  =  -^i.x-\-at),  (50) 

and  differentiating, 


m- 


K  (*  +  a  0, 


which  IB  tlie  rate  of  dilation  (the  cupansion  or  contrsction  of  a  prism  of 
tlie  air),  and 

which  Is  the  velocity  of  a  particle,  and  dividing  the  latter  by  the  former, 
which  is  tlie  velocity  of  the  wave  ;  hence. 


.=/! 


,  =  y^  = 


which  is  Newton's  formula  (Pnneipta,  ii.,  §  8). 

The  elasticity  of  air  equals  its  tension  ;  hence,  if  p  be  the  pressure  per 
squnre  foot,  w  the  weight  of  a  cubic  fool,  and  U  the  height  of  a  homo- 
geneous atmosphere,  then 

VYH:  (53) 

hence  the  tdoei^  of  «oand  would  tqmd  the  veloeOs  of  a  body  falling 
t/irough  a  height  equal  to  om  half  the  height  of  a  uniform  atmotplwre  of 
thai  subetance. 

This  principle  is  applicable' also  to  the  vibration  of  elastic  cords,  and  It 
Is  found  lliat 

The  velocity  of  vibration  of  nn.  elittie  cord  equal*  the  nelndty  of  a  body 
.  falUng  freely  through  a  height  equal  to  half  the  length  of  the  lame  cord 
whMe  leeighl  would  equal  the  fention. 

Similarly,  for  long  waves,  or  waves  on  water  whose  depth  Is  small 
compared  with  the  wave-length, 

The  velocity  equal*,  aoprozimately,  the  tOceity  of  a  lody  falling  freely 
through  a  height  equal  to  half  the  depth  of  the  *m.  (Bncy.  Britannica.) 
It  has  been  assumed  that  ff  and  D  remain  constant  in  wave  motion  ; 
but  it  has  long  been  known  that  the  results  given  by  equation  (58)  for 
gHses  do  not  agree  with  those  found  by  experiment,  and  La  Place  showed 
that  the  elasticity  was  increased  by  the  action  of  the  wave  due  to  com- 
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pressioa.  It  is  necessary,  therefore,  to  consider  equation  (52)  correct 
only  for  ultimate  values ;  or 

Since 

^        w  w 

,'.u=  i/~^=   VgjH'  (55) 

60.  To  And  the  value  of  y^  we  have  from  equa- 
tion (55) 

w 
V  =  —  u^i  (56) 

by  means  of  which  y  may  be  found  when  the  velocity  of 
sound  in  a  gas  of  given  weight  and  tension  are  known.  "We 
have 

w         1  1       To  . 

.-.  y  =  -^^^ ,  (57) 

which  reduces  the  determination  of  ;^  to  that  of  the  velocity, 
Uj  of  sound  in  a  gas  at  known  temperature  r  ;  y,  jpo  ^o?  being 
known. 

61.  The  velocity  of  sound  has  been  determined 
by  direct  experiment  with  the  following  results  : 

Velocity  per  second. 
In  dry  air  at  O*  C.  Centimetree.  Feet. 

MM.  Bravais  and  Martins 33237  1090.5 

Hr.  Moll,  Van  Beck,  and  Kuytenbrouwer  33226  1090.1 

The  French  Academy,  1738 33200  1089.2 

«  "  "  1822 33120  1086.6 

M.  Regnault 33070  1085.0 

M.  Le  Eoux 33066  1084.9 

Mean.    33153        1087.7 
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T  of  souud,  A  the  wave  length 
or  the  frequency  of  the  wares) 

i  n  X. 

fotiud  for  tlie  velocity  of  sound 

Ceutlmelna.  Feet. 

33300  1092.5 

33277  1091.8 

33206  1089.4 

33313  1093.0 

33274        1091.6 

ry  accurately  the  wave  length 
ndt'e  dust  figures,  correspond- 
on,  or  frequency  n,  by  which 

Centlmelreii.  TBet 

t  0°  C 33250         1090.9 

lationa 33206         1089.4 

jons  atmosphere  of  dry  air  at 
ault  is  26214  feet;  hence,  the 
in  air,  neglecting  the  efEect  of 

!  =  918.7  ft.  per  second ; 

1.4061  =  1.406  (say).  (58) 

opposition  that  air  is  a  perfect 
roin  this  hypothesis  is  scarcely 
inot  afiect  the  result  so  much 
The  mean  of  such  a  large 
ons  is  probably  more  reliable 
jken  at  random.  This  was  tlie 
value  of  y,  and  the  only  one 
ion  of  Joule's  equivalent.     It 
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is  nearly  the   same  for  all  the  permanent  gases,  as  air, 
hydrogen,  oxygen  and  nitrogen. 

62.  To  find  the  specific  heats  of  the  sensibly 
perfect  g^ases.     We  found  in  equation  (32)  that 

C;  =  ^ji?;  (59) 

•■•  ^»  =  ^  ^'  («<>) 

For  air  we  have 

^p  =  ^  S3.37  =  184.83 ; 

.-.  Cp  =  184.83  -V-  778  =  0.23757. 

The  mean  of  tlie  values  given  by  Regnault  is  0.23751 
{Relation  des  Exp.j  tome  II.,  p.  101),  the  first  four  figures  of 
which  agree  with  the  results  of  our  computation.  Professor 
Eankine  was  the  first  to  make  this  computation,  in  1850, 
using,  however,  y  =  1.4,  wliich  gave  c^  =  0.24.  Up  to 
that  time  this  was  the  most  accurate  determination  of  the 
specific  heat  of  air ;  and  when,  soon  afterward,  the  very 
accurate  and  entirely  reliable  experiments  of  Regnault  gave 
very  nearly  the  same  result,  Rankine's  determination  was 
considered  a  crucial  test  of  the  correctness  of  the  dynamical 
theory  of  heat. 

63.  To  find  the  mechanical  equivalent  of 
heat  by  means  of  the  specific  heat  of  a  gas.  From  equa- 
tion (59)  we  have 

r_ 
r  -  ^  c^ 

Having  found  y  by  means  of  equation  (58)  without  a 
knowledge  of  the  value  of  e/,  and  Ji  and  c^  having  been 
found  by  Regnault,  we  have,  by  substitution, 

^       1406        53.37 
^  =  "406    X  0:2375  =  '  '^  foot-pounds 


C^  =  Jc^  =  -^Z—Ji; 
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liermometer.  I£  i?  =  53.21  we 
)babte   meclianica)  equivalent  on 

former  equals  426.8  kilogram- 
tially  the  iimtliod  originally  used 

whieh  ineann,  in  1842,  he  found 

Holtzman,  in  1845,  found  374. 
a«swned  air  to  be  a  perfect  gas, 
3   prove   tlie   correctness   of    tlie 

fact  that  the  value  he  obtained 
proximation,  has,  in  the  eyes  of 
him  of  the  honor  of  being  tiie 
ortant  conatant.  Joule  justly  lias 
ling  it  accurately.  Mayer  did  not 
above,  but  solved  the  problem  in 
nner,    the   process  for   which   is 

Thus,  he  considered  that  it  re- 
f  heat  to  increase  tlie  temperature 
it  constant  volume — all  of  whieli 
r,  and  if  the  gas  expanded  against 

required  more  heat  in  order  to 
perature — thus  reviving  the  idea 
Let  one  pound  of  air  under  the 
jre,  p  poimds  per  square  foot, 
The  increase  of  volume  for  one 
)eing  constant,  will  be  w  -4-  t,  and 

done  will  be  - —  =  R  (equation 

i  at  constant  volume  will  be  c„ 
!,  Cp,  and  the  difEerence  of  tlieae 
le  work  i?,  provided  no  internal 

-'.)  =  «; 
R  n 
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64,  The  constants «/,  R^  y^  are  so  related  as  to  serve  as 
mutual  checks  upon  each  other,  but  tliis  relation  does  not 
determine  the  exact  values  of  any  one  of  them.  When  de- 
termined directly  they  are  subject  to  small  errors,  due 
chiefly  to  errors  of  observation,  but  the  results  are  believed 
to  be  correct  within  i  of  one  per  cent,  and  in  some  cases 
the  error  is  probably  much  less. 

65.  Other  methods  of  determining  y.  This 
constant  has  been  found  by  the  principle  of  adiabatic  ex- 
pansion.    Thus,  equations  (41)  give 


+  1 


log  P  -  logp, 
log  v,  — log  V 

log  T  —  log  Tj 
'"  log  v^  —  log  V 

%  p  —  l^gpt 

logp  —  logp,  —  log  r  -^ log  t,' 

To  secure  data  for  use  in  these  equations,  MM.  Clement 
and  Desormes  used  a  20-litre  glass  globe  closed  by  a  stop- 
cock A,  Fig.  29,  and  connected  virith 
a  vertical  glass  tube  B,  dipped  into 
water,  which  acted  as  a  manometer. 
By  means  of  an  air-pump  attached  at 
J)  a  partial  vacuum  was  produced  in 
the  vessel,  after  which,  by  opening  the 
cock  at  A  a  very  short  time,  air  would 
rush  in  and  produce  the  pressure  of 
the  external  atmosphere,  and  by  com- 
pressing that  already  in  the  vessel,  raise  the  temperature ; 
and  after  the  cock  was  closed  it  cooled  to  that  of  the  sur- 
rounding temperature,  and  the  pressure  diminished.  In  the 
preceding  equations  \etp  =  j?^  =  the  atmospheric  pressure, 
p^  the  initial  and  p  its  final  pressure ;  then  the  temperature 
being  the  same  at  the  beginning  and  end  of  the  experiment. 


FIG.  29. 
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we  have 

or 

log  V,  —  I^  V  =  log  p  —  log  p^ ; 

It  was  found  in  one  of  the  experiments  that 

p^  =  1.0136,  j9,  =  0.9953,^  =  1.0088; 
.  • .  >^  =  1.3524.* 

MM.  Gay  Lussac  and  Wilter  modified  this  experiment  by 
forcing  air  into  the  vessel  and  allowing  it  to  escape  adiabati- 
cally  until  the  pressure  in  the  vessel  equalled  that  of  the 
external  air.     They  found 

p^  =  1.0096,^,  =  1.0314,7?  =  1.0155  ; 
.'.y  =  1.3745.t 

In  this  manner  M.  Hirn  found  1.3845,  M.  Dnpre, 
1.399,  Hr.  Weisbach,  1.4025,  M.  Masson,  1.419  for  air.  For 
carbon  dioxide  M.  Masson  found  1.30. 

The  discrepancy  in  the  results  arises  chiefly  from  the  fact 
that  the  changes  in  pressure  are  not  adiabatic,  but  the 
inertia  of  the  inflowing  gas  produced  a  compression  exceed- 
ing the  normal  value,  resulting  in  a  reaction  tending  to  force 
a  portion  of  the  air  out  again,  producing  an  oscillating  effect, 
as  shown  by  M.  Cazin,:};  who  also  found,  by  similar  means, 
the  same  value,  1.41,  for  air,  oxygen,  nitrogen,  hydrogen 
and  carbon  monoxide. 

Hr.  Kohlrausch  substituted  an  aneroid  for  the  manometer 
used  above,  because  more  sensitive  to  pressure,  and  found 
r  =  1.296  {Pogg.  Annaleii,  1869,  CXXXVI.,  618).     This 

♦  Jonr.  de  Phymque,  LXXXIX.  (1819),  42a 
t  Ann,  de  Ck.  et  de  Phyn,,  1821,  XIX.,  486. 
Xlhid.,  1862,  LXVL,  206. 


[66.]  FLOW   OF   GASES. 

reenlt  was  not  considered  good  on  account 
quantity  of  air  used  in  the  experiment,  althou^ 
is  considered  an  improvement  on  the  precedin 

Dr.  Rontgen  in  1872  made  a  series  of  exp< 
a  more  perfect  apparatus,  containing  a  much 
tity  of  the  gas,  tlie  mean  of  ten  good  cxper 
;'  =  1.4053  for  air  {ihid.  (1873),  CXLVIIL,  t 

The  difficulty  in  these  experiments  of  obt 
servations  for  strictly  adiabatic  changes  gener 
too  small  a  value  for  this  constant. 

66.  Flow  of  gases.  The  flow  oiperfe 
fected  hy  the  principles  of  thennodynamit 
gated  by  Messrs.  Joule  and  Thomson  {Prt 
1856)  and  Weisbach  {Civllingeneur,  1856). 
thor's  Analytical  Mechaniea,  page  389. 

Let  w  =  the  weight  of  a  imit  of  volume, 
p  =  the  pressure  at  any  point  of  the  is 
Y  =  the  velocity  at  the  point  where^  i 

then,  for  a  unit  of  section  and  distance  d  a  the 
will  hew  d  8  -i-  g  and  the  work  done  hy  dp"* 

.  r  -  fir. 


F'_  rd 

i  to  the  ( 
law,  then  i 


If  the  cooling  due  to  the  expansion   duri 
follows  the  adiabatic  law,  then  from  equations 


-(i)'. 


n^.b-^^ 


thin  tlie  reservoir,  and^,  that 
1  of  a  perfect  gas  reduces  to 


?'.(- 

y- 

;e 

L406  j}^  «o 
400      r„    *" 

.(- 

-^;) 

^(-7;) 

_  L'j,  nearly. 


I,  ^,  =  d  ;  .  ■ .  T,  =  o,  and 

elting  ice  becomes 

:  2417  feet  per  second. 

i)  and  comparing  witli  equa^ 

that  the  velocity  of  diechai^ 


tlie  gas  at  the  melting  point 


[67.]  THE  WEIGHT  OF  GAS.  83 

of  ice,  which  for  air  becomes  2.214  X  1089.4  =  2417  feet 
per  second,  which  is  less  than  half  a  mile  per  second. 

67*  The  weigfht  of  gas  escaping  per  second  will  be 

1  

y^.Q  =  Jcp.s(^y-'  a/HJL  .  _Io_  f IlZL^h),    (64) 

in  which 

Q  =  the  volume  escaping  measiired  outside  the  reservoir, 
w,  =  the  weight  of  unity  of  volume  outside  the  reservoir, 
S  =  the  section  of  the  orifice,  and 
h  =  the  coefficient  of  efflux. 

Equation  (64)  is  a  maximum  for 

(^)  ^  =  g = {^)  -•  =  (5/  =  (i)';  m 

which  for  air  becomes 

A  =  0.831,        ^  =  0.527,         --»  =  0.504. 

The  values  of  A  as  found  by  Professor  Weisbach  are : 
Conoidal  mouthpieces,  of  the  form  of  the  contracted  vein, 
with  effective  pressures 

of  from  0.23  to  1.1  atmospheres .0.97  to  00.99 

Circular  orifices  in  thin  plates 0.55  to    0.79 

Short  cylindrical  mouthpieces 0.73  to    0.84 

The  same  rounded  at  the  inner  end 0.92  to    0.93 

Conical  converging  mouthpieces,  the  angle  of 
convergence  being  7°  9' 0.90  to    0.99 


EXERCISES. 

1.  For  a  perfect  gas,  if  the  temperature  of  the  gas  at  the 
outside  of  the  orifice  equals  that  of  the  reservoir,  what  will 
be  the  velocity  of  exit  ? 
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2.  "Wliat  ie  the  initial  velocity  wi 
will  flow  into  a  vacuum  from  a  vessel  ii 
ture  is  60°  F.  i 

3.  What  weight  of  air  will  flow  froir 
in  one  second  in  which  the  internal  pre: 
and  temperature  100°  F.,  the  external, 
temperature  40°  F.,  flowing  through  a  i 
J  inch  in  diameter,  tlio  coefficient  of  ( 
Consider  the  vessel  so  large  that  the  p 
aidered  constant  during  the  dischai^. 

SUGGESTIONS    FOR    REV 

What  does  R  represent !  Id  Fig.  £0,  may  A 
T  Isothermal  ?  Draw  several  verticals  bclweeo 
by  unity  and  show  what  areas  must  be  equi 
la  Fig.  22,  if  tlie  gas  be  compressed  from  state 
changes  take  place  in  tlie  heat.  Do  the  principit 
alao  hold  tor  compresalonT  What  is  a  perfect  gasi 
lly  ?  Define  the  two  more  common  apeciflc  heat^ 
twospeciflthiMtfl  ?  Illustrate.  Ifnpoundof  air< 
another  pound  40  cubic  feet,  both  at  the  same 
absorb  (lie  more  heat  in  having  its  tpmperature 
scribe  Mayer's  method  of  determining  the  mcch. 
What  gas  has  the  greatest  Bp<-ciflc  hwit  ?  It  Ih 
were  the  heat  neee.i»ary  to  raise  the  temperature 
degree,  about  what  would  be  its  numerical  valui 
finding  the  value  of  r.  What  is  the  smallest  val 
the  largest  ?  the  value  adopted  ?  How  wag  tl 
Will  the  greatest  mtiimf  of  a  gas  escape  from  ai 
of  exit  is  greatest  f  Will  the  greatest  wieigAt  of  gi 
Ity  is  greatest  J    Why  not  ? 
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68.  General  discussion.  Equations  (A)  are  the 
general  equations  for  the  heat  absorbed  "by  an  imperfect 
fluid,  and  for  convenience  are  brought  forward.     They  are 


(d  v\ 
d  11=  Kpdr  —  T  \-^)  dp.  ^ 


(^) 


In  the  first  of  these  equations  the  last  term  is  the  entire 
work,  both  external  and  internal,  due  to  an  expansion  d  v, 
so  that  if  ^'  be  such  a  pressure  that  when  multiplied  hy  d  v 
would  equal  the  entire  work  done,  we  have 


^' = ^  m)' 


m 


which  we  call  a  virtual  pressure.     In  Fig.  30,  if  -y,  ^  =  ^; 
be  the  external   pressure  at  the   vol- 
ume V  and   temperature   r,  then   will 
some  ordinate,  as  v^  a,  represent^',  and 
hence 


Aa=v^-^v  =  r[^^^ 


p  --P 


jP 


FIG.    30. 


will  be  the  real  virtual  pressure,  being 

such  an  ideal  pressure  as  would  when 

multiplied  hj  dv  give  the  internal  work  due  to  expansion 

only.     If  the  path  ^  jB  be  arbitrary,  we  have,  generally, 
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V,a7>  V,^    I  p  dv. 


1.  If  eqnation  (7)  be  the  equation  of  an  imper 
find  the  total  work  done  during  an  isothennal  e 
from  B,  to  2  v,.     {Use  equation  (68),) 

2.  If  a  b.  Fig.  31,  be  tlie  isothermal  of  the  gases 
tion  (7),  and  o  d  what  it  would  be  when  a,  §  and  y 
zero,  give  the  equations  of  ah,  cdy  ef,  and  the  i 
v,a,  ac  and  c  e. 

3.  Given  equation  (7)  to  find  the  external  work 
Fig.  31,  and  the  iutemal,  a  efh.    (Equations  (69)  ai 

4.  If  the  equation  of  the  gas  hej>v  =  JiT  —  - 

that  a  c  =  c  e.  Fig.  31,  a  h  being  the  isothermal  of 
and  e  d  what  the  isothermal  becomes  when  h  is  zen: 
If  one  pound  of  carbonic  acid  gafi  at  300°  F 
isothermally  from  10  cubic  feet  to  20  cubic  feet, 
total  work  done,  also  the  external  and  internal  wor 
equations  (6),  (69)  and  (70).) 

5.  What  will  be  the  total  internal  work  of  e; 
two  pounds  of  carbonic  acid  gas  indefinitely  at  tlic 
temperature  of  200°  F.,  the  initial  volume  being 
feeti  (The  limits  of  integration  in  equation  (70)  v 
and  8.) 

Ans.  364/00^^1 

6.  The  initial  volume  of  a  pound  of  carbonic 
being  8  cubic  feet,  how  much  must  it  be  compreest 
eouBtant  absolute  temperature  of  600°  F.,  so  that  I 
nal  work  ehall  equal  the  external  work  ? 

7.  If  equation  (4)  be  the  equation  of  the  gas, 
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^0  =  — '  ^1  =  ""^'  ^a  =  ~i'  find  the  equation  of  an  isother- 
mal, the  external  work  done  during  an  isothennal  expan- 
sion, and  the  total  work  done. 
Ans.  for  the  total  work, 

70.  Change  of  state  in  regard  to  aggregation.  Let 
the  temperature  and  pressure  he  constant^  required  the  heat 
absorbed. 

For  this  ease  d  r  =  Oy  and  r  (zJ^)\  will  be  independent  of 
V,  hence  ^^^  ^^ 

These  conditions  are  realized  during  three  physical 
changes — fusion,  vaporization  and  sublimation. 

71.  Latent  heat  of  fusion,  or  of  lifjuefactUm, 
Substances  may  be  melted — changing  from  a  solid  to  a  liqufd 
state — under  the  constant  pressure  of  the  atmosphere,  or 
other  pressure,  and  at  a  fixed  temperature  for  that  pressure ; 
and  during  this  change  of  state  heat  is  absorbed  which  does 
not  aflfect  the  thermometer,  and  hence,  according  to  the 
definition,  is  called  Intent.  Its  value  can  be  found  only  by 
direct  experiment.  Having  this  value  of  //  for  any  suU 
stance,  which,  for  distinction,  call  Hf  (noticing  that^^  is  the 

^  initial  letter  oi  fasion\  we  may  find 

J  f  ^  L^r^L^l  (72) 

dp  JIf 

for  which  the  rate  of  change  of  temperature  j>er  unit  of 
pressure  may  be  calculated.  If  the  volume  v,  of  the  sub- 
stance in  the  initial,  or  solid  state,  exceeds  that  in  the  ter- 

d  r 
minal,  or  liquid  state,  v^^  then  will  -  -  —  be  negative,  and  tlie 

d  p 


i 
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LATENT   HEAT  OF   FUSION. 


temperature  of  fusion  will  be  lowered  by  an  increase  of 
pressure,  a  principle  first  pointed  out  by  Professor  James 
Thomson  {Edinhur<jh  Tra/i^.,Yo\.  XVI.).  Water,  antimony, 
east  iron  and  some  other  substances,  are  more  bulky  in  the 
solid  than  in  tliu  liquid  state  ;  and  the  melting  point  of  all 
such  substances  ia  lowered  hy  pressure. 

The  latent  heat  of  fusion  of  ice  is  144  K.  T.  IT,,  as  deter- 
mined by  experiment  or  144  X  778  =  112032  foot-pounds; 
and  this  is  the  work  which  must  be  expended  upon  one  pound 
of  ice  at  32"  F.  in  reducing  it  to  liquid  water  at  the  same 
temperature,  which  work  is  necessary  to  completely  Iireak 
down  tlie  crystalline  etnicture  of  the  ice.  Converselj-,  it  is 
the  equivalent  of  the  heat-energy  which  must  be  emitted 
from  a  ponnd  of  water  and  absorbed  by  surrounding  objects 
in  changing  water  from  the  liquid  to  the  solid  stat«  at  32° 
F.  Solids,  under  a  definite  pressure,  have  a  corresponding 
definite  melting  point,  or  point  of  fusion. 

The  following  are  some  examples  of  the  latent  heat  of 
fusion : 


lAianl  best  of  fiultMi. 


»■'"— 

Htg.  Fabr. 

Ice 

32 

144*                      112032 

Zinc 

793 

50.6                       39367 

Snlphnr 

224 

16.9                       13148 

LeaS 

635 

9.7                         7547 

Mercury 

-40 

5.1                          3968 
(  500  as  given  by  Kankine. 

Tin 

455 

,'  26.6 "      «      '■  Box  on  Heat, 
(         p.  13t 

Spennaceti . . 

124 

1      148  (Eanltine). 
1        46.4  (Box). 

Caatiron.... 

2000 

233  aa  given  by  Clements. 

'Phil.  Mag..  ISll,  XL!..  182.    Peclet  found  IBS,  Person,  144.04,  and 
144  appears  to  be  the  most  reliable. 

t  We  have  not  determioed  whicli  (If  either)  ie  correct. 


pa.]  EXPERIMENTAL  VERIFICATION. 

3.  If  1140  pounds  pressure  per  sqnare  inch  will 
melting  point  of  ice  from  32°  F.  to  31°  F.,  dimini 
Tolnme  of  one  pound  0.00138  of  a  cubic  foot ;  req 
latent  heat  of  fusion  of  one  pound  of  the  ice. 

Ans. 

4.  lieqnired  the  external  and  int«mal  work  in  ini 
at  32°  F,  at  atmospheric  pressore. 

The  external  vork  will  be  tbat  dune  Id  lowering  tbeatmosphe 
a  diBtaace  equal  to  the  derrease  of  volume  Id  changiag  the  si 
giegatioD,  or  2116.>t  K  0.00188  =  S  foot-pounda,  nearly.  The 
will  be  by  using  the  result  in  exercise  3, 

r^P-dv  =  49a.«e  X  164784 X  0.O01B8  =  113082  ft..]i».,  n 

ud  8  pounds  more  due  to  attnuBptaerIc  pressure. 

From  this  it  appears  tbat  the  work  Is  nearly  all  iaternal,  a 
than  86500  times  the  external  work. 

5.  Tlie  pressure  reqnired  to  reduce  the  melting 
ice  1°  F.  being  164784  pounds  per  square  foot  whe 
tial  temperature  is  t  =  492.66°  F. ;  find  the  dimir 
volume  of  one  pound  in  changing  from  congealed 
water. 

6.  Required  the  pressure  necessary  to  reduce  tlu 
point  of  ice  to  —  18°  C,  aasuming  that  the  above 
IB  valid  so  far  below  0°  C. 

7.  What  is  the  highest  temperature  at  which  ice 
indefinitely  iu  a  vacuum  ! 

72.  Experimental    Teriflcatlon.     Sir 

Thomson,  by  a  delicate  and  beautiful  experimeni 
that  the  melting  point  of  ice  was  lowered  by  pressu 
Moff.  (1850),  III.,  XXXVII.,  123).  A  delicate  then 
constructed  for  the  purpose,  was  enclosed  in  a  vei 
water  and  lumps  of  clear  ice  and  an  air  gauge  for  n 
the  pressure.  At  atmospheric  pressure  the  ice  w 
melt  if  below  32°  F.,  but  it  was  found  that  when 
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tents  of  the  vessel  was  subjected  to  pressure  tlie  thermome- 
ter fell  as  the  water  assumed  the  temperature  of  the  melting 
|K)int  of  ice  corresponding  to  the  increased  pressure ;  and 
tlie  observed  results  corresponded  well  with  those  calculated. 
Professor  Mouaeon  made  the  following  experiment :     A 
prism  of  steel,  Fig.  3l2,  was  used,  having  a 
cylindrical  bore  0.71  cent.  (0.28  inch),  closed 
at  the  lower  end  by  a  copper  cone  forced  in 
by  a  strong  screw,  and  the  upper  end  by  a 
long  slightly  conical  copper  ping  a  pressed 
down  by  a  steel  piston  by  means  of  a  strong 
screw,  and  when   in  an  inverted   position 
a  small  brass  rod  h  was  drop|>ed  in  and  the 
Fio.  33.  bore  filled  with  water.  After  being  exposed 

to  cold  at  —  9.5°  C.  tlie  protruding  ice  was 
removed,  the  copper  cone  inserted  and  screwed  up,  and  the 
whole  reversed  and  put  into  a  freezing  mixture  at  —  18° 
C,  after  which  the  upper  plug  was  forced  in  at  a  pressure 
roughly  estimated  at  not  less  than  13250  atmospheres.  "When 
the  lower  plug  was  removed  the  bnisa  rod  dropped  out  first, 
showing  tliat  the  ice  had  Iwen  melted,  jwrmitting  the  rod  to 
fall  to  the  lower  end.  The  pressure  was  more  than  five 
times  that  required  by  theory  to  melt  the  ice,  but  the  tem- 
]»erature  at  which  it  melted  is  unknown. 

73.  It  is  natural  to  infer  the  opposite pritu^ple — that  the 
melting  point  of  those  substances  which  expand  when  fused 
\vill  1)0  raised  by  compression,  and  this  principle  has  been 
verified  by  Mr.  Hopkins  {R.'p.  B.  A.  (1854),  II.,  56),  as  well 
as  by  others.  In  Mr.  Hopkins's  experiments  the  instant  of 
fusion  was  determined  by  means  of  a  small  iron  ball  sup- 
|x»rtcd  by  the  substance  when  solid,  but  which  fell  when  the 
substance  liquefied  ;  and  when  supported  it  deflected  a  needle 
which  was  suspended  just  outside  the  vessel,  but  the  deflection 
ceased  when  the  ball  fell.  Tlie  temperature  was  determin- 
ed by  that  of  the  oil  in  a  hath  in  which  the  whole  was  im- 
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mersed  ;  and  the  effective  pressure  was  taken  as  the  half 
«um  of  the  pressures  which  forced  the  piston  inward  and 
that  required  to  just  permit  it  to  return  to  its  initial  position, 
'ihus  elminating  the  effect  of  friction. 
The  following  results  were  found  : — 


Preflsare 
AtTOMptaeree. 


I 


Spermaceti 


Melting  points  in  degrees  centigrade. 
Wax.  I       Stemine. 


1 

538.4 
820.5 


51.1 
60.0 

80.3 


64.7 

74.7 
80.3 


Salphnr. 


107.2 
135.3 
140.6 


The  melting  point  of  wax  will  be  given  nearly  by  the  em- 
pirical formula 

t^  =  64.68  +  0.0188/?. 

M.  Person  gives  the  following  empirical  formula  as  the 
results  of  his  experiments  on  the  latent  heat  of  fusion  of 
non-metallic  substances  {^Ann,  de  Chem.  et  de  Phys.,  Nov., 
1849). 

l  =  {o'  -  c)  (T  +  256°)  (73) 

in  which 

c  =  the  specific  heat  of  the  substance  in  the  solid  state, 
c'=    '*         "         "         "  "  "     liquid  state, 

T  =  its  temperature  of  fusion  in  degrees  Fahr.,  and 
I  =  the  latent  heat  of  fusion  of  one  pound  in  B.  T.  U. 
at  the  pressure  of  the  atmosphere. 


EXERCISES. 


1.  If  the  specific  heat  of  water  be  unity,  of  ice  0.504,  and 
the  temperature  of  fusion,  T,  be  32°  F.,  required  the  latent 
heat  of  fusion. 

2.  If  ice  be  subjected  to  such  a  pressure  that  it  will  meh 
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heat  by  //«  {e  being  the  initial  letter  of  evaporatimi),  we  have 

ff,  =  r  (If)  (v,  -  V,),  (T4) 

and  J  h^  =z  H^. 

By  determining  the  factors  of  equation  (74)  by  experi- 
ment, the  value  of  11^  may  be  computed.  M.  Reguault  de- 
termined the  value  of  h^  directly  for  water  at  a  series  of 
boiling  points  from  its  f I'eezing  point  to  about  375°  F.,  which 
may  be  represented  with  great  precision  by  the  empirical 
formula,  in  English  units, 

U^  =  [1091.7  -  0.695  (r-  82)  -  0.000000108  (7-  89.1)»  ]  X.778,  (75) 

or  in  French  units, 

Jle  =  [606.5  -  0.695  T  -  0.00000083  (T  -  4)»  ]  426.8.  *(76) 

{Mimoire  Academie  des  Sciences^  1847.  Trans,  Roy. 
Soc.y  Bdinburgh,  Vol.  XX.) 

In  practice  it  will  be  sufficiently  exact  to  use  the  follow- 
ing:— 

Ae  =  966  -  0.7  (r~  212) 

=  1092  -  0.7  {T  -  32) 
=  1114.4  -  0.7  T 

=  1436.8  -  0.7  r,  B.  T.  U.,  (77) 

or  its  equivalent, 

//,  =  751548  -  544.6  {T  -  212) 
=  867003  -  544.6    T 
=  1117880  -  544.6  r,  foot-pounds,      (78) 
=  a  —  J  r. 

Tlie  latent  heat  of  evaporation  of  some  other  substances 
is  given  in  the  Addenda. 

The  exact  value  of  the  latent  heat  of  evaporation  of  one 
pound  of  water  at  the  pressure  of  one  atmosphere,  as  found 
by  Kegnault,  is  966.1  B.  T.  U.  =  751624  foot-pounds. 
This  is  the  work  necessary  to  simply  change  water  from  its 
liquid  state  when  at  212°  F.  under  the  pressure  of  one  at- 
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inoephere  to  the  condition  of  vapor  at  the  same  temperature 
and  pressure.  Since  water  in  the  form  of  steam  occupies 
more  space  than  as  a  liquid,  the  molecules  must  be  farther 
apart  in  the  former  than  in  the  latter  state,  and  hence,  with- 
out considering  their  exact  condition  in  the  two  cases,  it  ap- 
l)ears  that  it  requires  751624  foot-pounds  of  energy  to  sim- 
ply separate  the  molecules  of  a  pound  of  water  sufficiently  to 
produce  steam.  This  amount  of  heat  is  absorbed  and  dis- 
appears without  affecting  the  temperature ;  and  the  same 
amount  reappears,  or  passes  to  other  bodies,  when  it  returns 
to  a  liquid  at  that  pressure. 


Latent  beat  of  evaporation  of  one  poand  of  certain  subatancea  at  the  pxeBeaie  of 

one  atmosphere. 

Hn  liat*m^A 

BoIliDff  point 
Deg.V. 

Latent  heat. 

• 

B.  T.  U. 

1 

Foot-pounda. 

Water 

212 
172.2 

95.0 
114.8 
316 
141 

966.1 

364.3 
162.8 
156.0 
184.0 
236.0 

'   751634 

Alcohol 

283425 

Ether 

125658 

Bisulphide  of  carbon 

Oil  of  turpentine 

121368 
143152 

Naphtha 

183608 

75.  Vapor  is  any  substance  in  a  gaseous  condition  at 
the  maximum  densiUj for  that  temperature  or jyress^ire.  If  a 
vapor  be  in  contact  with  the  liquid,  as  steam  in  the  same 
vessel  as  water,  there  is  a  certain  pressure  which  is  at  once 
the  least  pressure  under  which  the  substance  can  exist  in  the 
liquid  state  and  the  greatest  pressure  at  which  it  can  exist  in 
the  gaseous  state  at  that  temperature.  Under  such  condi- 
tions the  vapor  is  called  saturated  vapor  (or  saturated  steam)^ 
and  the  pressure,  \\\e  pressure  of  saturation.  If  at  the  tem- 
perature of  saturation  the  pressure  be  slightly  increased  some 
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of  the  vapor  will  be  condensed  until  equilibrium  be  restored, 
and,  conversely,  if  the  pressure  be  diminished  more  vapor 
will  be  generated.  To  illustrate,  if  a  cylinder  containing  a 
piston  were  placed  directly  over  a  steam  boiler  having  one 
end  open  to  the  boiler,  and  the  piston  be  forced  inward,  a 
portion  of  the  steam  would  be  condensed,  and  if  the  piston 
be  drawn  outward  more  steam  woidd  be  senerated — the  tern- 
perature  find  pressure  remaining  constant  while  the  volume 
varied.  This  is  known  as  Dalton's  law  (Stewart  on  IlecU^ 
p.  143). 

76.  The  relation  between  pressure  and  tem- 
perature of  a  vapor  can  be  detennined  only  by  experi- 
ment, as  has  been  done  by  Regnault  {Memoire  de  VAcade- 
mie  de%  JScienees^  1847;  C'omj?tes  Rendus^  1854).  His 
results  are  represented  quite  accurately  by  the  following 
empirical  formula,  given  by  Kankine,  and  first  published  in 
the  Edinburgh  New  Philosophical  Journal  for  July,  1849 
{Phil,  Mag.,  Dec,  1854). 

com,  log  p  =  -4  — j  (^^) 

where  A,  B,  (7,  are  constants  to  be  determined  by  experi- 
ment. That  author  remarks  that  this  formula  is  sufficiently 
accurate  for  temperatures  from  — 22°  F.  to  446°  F.     From 

(80)  we  find 

1 


/ 


C        '^  i  f       2  6' 


The  following  are  the  values  of  the  constants  for  the 
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pied  by  tlie  steam  produced  from  it  at  212°  F.,  v^  =  26.58,  and 
the  large  square 
minus  the  small 
one  represents  the 
increase  of  vol- 
ume in  changing 
the  water  to  va- 
por, V,  —  -y,.  If 
the  boiling  point 
increases  in  tem- 
perature, the  vol- 
uine  of  steam  de- 
ci'eases ;  still  with- 
in the  range  of 
ordinary  practice 
the  volume  of 
water  is  so  small  ^^^'  ^• 

compared  with  that  of  the  steam  generated  from  it,  the  former 
may  be  neglected,  and  we  have  with  sufficient  accuracy 

'"*  =  ~~d^-  (86) 

78.  Weight  of  vapor  per  cubic  /oof,  sometimes 
called  the  density  of  the  vapor.  Since  a  pound  of  the  vapor 
occupies  V,  cubic  feet,  the  weight  of  a  cubic  foot  of  the 
vapor  will  be 

1 

W  =z  — 

.  If  Z  be  the  latent  heat  in  a  cubic  foot  of  the  vapor,  then 


.'.  w  = 


i/. 


(87) 


which  is  the  reciprocal  of  equation  (84). 


pressurea,  p,  and 
ilated  by  means  of 
,  according  to  tlie 
Ilowiiig  exercisee  5 
;h  may  form  a  table 

of  tliis  volume  for 
am  these  results  the 
.8  been  constructed, 
1  volumes  per  cubic 
ireaenres  per  square 
ailed  the  curve  of 

to  be 


-Ugjp 
Ivy  V, 


I  =  1.06470 ; 
1  =  1.0fi5837; 
I  =  1.065954 ; 
'■  =  1-'^6551. 
I  =  1.06550 ; 


ibic  feet  ])er  pound. 


I  ration  of  water  at 
lain  why  it  is  less 
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at  the  higher  temperatures.  (Equation  (78) 
saturated  steam.) 

2.  If  Regnault'e  law  can  be  trusted  so  far, 
perature  at  which  the  latent  heat  of  evapt 
zero  for  steam. 

Ans.   r  =  2052"  F.  or  T  : 

or  about  tlie  temperature  of  the  melting  p 
above  which  there  would  be  no  difference 
liquid  and  vaporous  forma.  This  is  called  th( 
perature,  and  has  been  determined  experimer 
substances  {PhU.  Tram.  (1869),  CLIX.,  575). 

3.  If  the  latent  heat  of  evaporation  of  one  ] 
at  the  melting  point  of  ice  conid  be  utilized 
tliat  pound  vertically  upward,  how  many  mile 
it  ascend  in  a  vacuum,  considering  gravity 
g=  32.2? 

■4.  Through  what  height  must  a  100-pound 
in  a  vacuum  so  that  its  energy  if  entirely  ut 
purpose  would  just  evaporate  one  pound  of 
from  212°  F. 

5.  Find  the  value  of  ^  for  saturated  stean 
a  T 

If  we  resort  to  tables  of  asliiralcd  Rteam,  we  find  that 

VI.  {^leara  Engine)  is  uot  suiUtlile  for  thia  purpO!<e,  bee. 

tares  are  for  differcDcca  of  9'  F.     Scveml  ottier  tables } 

for  every  degree.     From  one  of  these  we  find  that  iit 

211°  F..  the  prc8."ure  is  14.406  11m.  per  eq 

213° '        ■'  14.896  ■'     ■'    " 

318-  "      •'        ■'        "  14.991 


Heace.  from  311°  to  213'  we  liovo 

1^  =  0.390  X  144  = 
from  312°  to  218°,  we  have 


41.76,  approximati 


■^  =  0.295  X  144  =  42.48.  appro^timsie 


He  exact.    Ta  And  the  correct  VKlne 


+imU]>'^'^ 


pound  of  saturated  steam  at 
jubie  foot  of  it. 

e 

d  r 

)47T5  per  unit  from  that  at  its 
;  hence, 

75  =  0.01678  =  0.017 


per  cu.  ft. 

empirical  f ormala  for  the  vol- 
tsotute  tempe^ture. 

-4-—).) 

.600  ^    T  J  J 

ol  perfect  gaees,  we  conld  now 
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find  the  volume  of  a  pound  of  it  at  any  temperature.     For 

we  would  have 

pv      2116.2X26.5 

^^-    r  -        672.66        -  ^^"^^ ' 
.•.v  =  83.37  J.  (89a) 

7.  Find  the  volume  of  one  pound  of  saturated  steam  at 
1200^  F. 

8.  Find  the  volume  of  saturated  steam  at  212°  F.  gener- 
ated from  one  cubic  foot  of  water. 

If  ««  =  36.6,  as  in  Exercise  6,  then  will  the  required  volume  be  1659 
cubic  feet  Heretofore  writers  have  used  Rankine's  results,  giving  1644 
or  1645.    Observation  has  not  fixed  the  estact  value. 

9.  Find  the  external  and  internal  work  in  changing  one 
pound  of  water  into  steam  at  and  from  212°  F.,  and  their 
ratio. 

The  volume  of  one  pound  of  steam  will  be       v,  =  26.585. 
*'      *'     "        •'      "   water  at  212"  F..i;,  =       017, 


«,  —  u,  =  26.568. 
The  entire  work  will  be 

r  l£  (V,  - 1?,)  =  672.66  X  42.06  X  26.568  =  751672. 
^  ^  966.1  X  778  =  751626. 

These  results  would  be  identical  if  all  the  quantities  were  determined 
with  precision. 

The  external  work  consists  in  forcing  the  pressure  of  one  atmosphere 
through  26.568  feet,  or 

2116.2  X  26.568  =  56219  foot-pounds, 
which  deducted  from  the  former,  gives 

751672  ~  56219  =  695453  foot-pounds 
for  the  ivUimal  work  ;  hence,  the  inUmal  Work  will  be 

^^1  =  12.87 
56219 

times  the  external  for  the  conditions  given  in  the  problem. 

78a.  Isothermal  of  a  liquid,  its  vapor  and  its 
gas. 
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illuBtrate,  conceive  tliat  one  pound  of  the  liquid  is 
leted  to  an  iminease  pressure  at  some  moderate  tem- 
perature, T,— say  212°  F.  Let  A,  Fig.  d, 
represent  tliis  state,  the  ordinate  to  which 
will  represent  tlie  pressure,  and  the  ab- 
scissa the  volume.  Let  the  preseure  be 
gradually  removed  while  the  terapera- 
i^^B^X  t""*  1^  maintained  constant  — the  volnme 

— -T^^Q      will  increase  slightly  and  the  patli  of  the 
Fia.  d.  fluid  may  he  represented  by  A  B,  the 

abscissa  of  S  exceeding  that  of  A. 
B  be  the  state  at  winch  tlie  liquid  will  boil  at 
:emj>erature  r;  then  at  that  pressure  the  volume 
increase,  the  temperature  remaining  constant,  and 
will  represent  the  path.  At  C  let  the  pound  be 
^ly  vaporized  and  the  pressure  gradually  removed,  while 
eniperature,  r,  is  maintained  constant ;  then  will  the 
be  the  isothermal  C r.  The  entire  broken  line  A  B  Ct 
isotliennal  of  the  fluid.  Let  the  operation  be  re- 
d  at  a  higher  temperature — the  boiling  point  will  be 
ed  at  a  state  above  and  a  little  to  the  right  of  S,  so  that 
ve  ^'  E  passed  through  such  points  may  be  called  the 
of  boiling  points.  Continuing  the  operation  ae  be- 
and  the  state  at  which  tlio  poimd  will  be  evaporated 
je  represented  by  a  point  above  and  to  the  left  of  C, 
lie  curve  traced  through  all  such  points  will  be  the 
of  saturation  E  C  O,  already  described.  These 
8  will  meet  at  some  jKiint  E^  aud  the  temperature  of 
tate  is  called  the  critical  temjiei'ature. 
K  An  experimental  determination  of  the 
ti/  of  saturated  steam  was  first  made  by  Fairbaim  and 
in  1860  {Phil.  Tram.  (London),  CL.,  (1860),  185 ; 
.,  (1862),  591).  The  densities  as  thus  found  differed 
those  previously  fonnd  by  RankinefrnmyJ^to-j^of  tlic 
■imental  values,  thereby  giving  larger  values  above  242° 
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F.,  and  below  some  were  larger  and  others  smaller  than  the 
experimental  ones  {Mwcellaneoits  Scientific  Papers^  p.  428). 
In  these  experiments,  the  steam  was  in  a  statical  condition, 
while  in  Regnault's  experiments  the  steam  was  in  rapid  mo- 
tion from  the  boiler  to  the  condenser — diflferences  of  con- 
dition which  would  naturally  aflEect  the  results.  The  proper 
value  of  J  would  also  affect  the  result ;  but  the  results  ob- 
tained by  the  two  methods  agree  as  nearly  as  one  might  ex- 
pect under  the  circumstances.  Rankine's  Tables  are  in  his 
"  Prime  Movers,"  and  those  of  Fairbaim  and  Tate,  above 
the  pressure  of  one  atmosphere,  are  in  Richard's  Steam  In- 
dieatot\  Weisbach  on  the  Steam  Emjine^  and  other  works. 

The  apparatus  employed  by  Fairbaim  and  Tate  for  deter- 
mining the  temperature  of  saturation  consisted  of  two  glass 
globes  connected  by  a  bent  tube  below  them.  The  tube  was 
filled  with  mercurj',  above  which  in  the  globes  was  the 
liquid,  one  containing  more  than  the  otlier,  then  the  globes 
and  tube  were  placed  inside  of  a  small  boiler  containing  the 
same  liquid,  and  the  whole  heated.  So  long  as  the  steam  is 
saturated  the  mercury  in  the  tube  will  remain  stationary,  but 
the  instant  that  the  smaller  volume  of  water  is  all  changed 
to  vapor  (some  water  still  remaining  in  the  other),  the  mer- 
cury will  rise  in  that  end  of  the  tube  nearest  the  globe  in 
which  all  the  wat^r  has  been  evaporated^  as 
after  that,  that  steam  becomes  superheated, 
and  the  rate  of  increase  of  pressure  is  greater 
for  saturated  than  for  suj)erheated  vapor.  At 
the  instant  of  change  the  volume  of  the 
steam  will  be  th3  volume  of  the  space  alwve 
the  mercury,  and  the  temperature  and  pres- 
sure of  the  steam  in  the  globes  will  be  the  same  as  that  in 
the  boiler,  and  hence  may  be  readily  measured. 

80.  Measurement  of  heights.      The   principles 


ifes^  — 


Fio.  83«. 


»  ThSorie  Meeanique  de  la  Chaleur,  8^  id.  (1875).  II. 
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d  fiimifih  the  means  of  determining  altitudes. 
ny  point  on  a  hill  or  mountain  tlie  temperature 
ter  be  observed,  the  pressure  of  the  atmoBphere 
and  time  may  be  computed  by  means  of  equa- 
n  vill  the  height  above  the  level  of  the  sea  be 

A  =  60346  log  ?-^  feet,  (90) 

P 
8  the  presenre  of  the  atmosphere  at  sea-level, 
ds  per  square  foot.     If  p,  be  the  preeeure  at 
)n,  the  difference  in  elevation  will  be 


h'  =  i 


-P'. 


itlior's  Elementary  Mechanics,  p.  328.) 
limatlon  congists  of  a  cliange  from  the  solid 
"ous  state  without  passing  through  the  hquid 
rimental  data  in  regard  to  this  cliauge  are  want- 
re  are  unable  to  make  use  of  any  analysis  rep- 
i  change. 

poratlon  -without  ebullition.  Experi- 
;b  that  evaporation  takes  place  at  all  temperatures 
iriety  of  Bubstanees,  if  not  for  all.     Snow  and  ice 

temperatures  below  freezing,  and  many  solids 
it  vapor  to  be  detected  by  the  sense  of  Bmell. 
;ion  of  water  in  the  atmosphere  is  the  meat  im- 
of  this  subject.  Water  is  elevated  in  the  fonn 
e  atmosphere,  forming  clouds,  by  which  means 
istributed  over  the  earth.  Evaporation  takes 
mrface  of  bodies  of  water  and  is  unafEected  by 
s  l>elow,  except  so  far  as  they  modify  the  sur- 
generally  greatest  at  higher  temperatures,  al- 

conditions  modify  this  law.  It  is  modiiied  by 
:rical  conditions  of  the  atmosphere,  and  is  greater 
nd  than  during  a  calm.  It  is  greater  during 
.  winter,  and  generally  greater  during  June  and 
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July  tlian  for  any  other  months  of  the  year,  but  it  is  some- 
times,  though  rarely,  gi-eater  during  August  than  for  any 
other  month.  It  is  greatly  affected  by  locality,  there  being 
sometimes  a  difference  of  several  inches  within  a  few  miles. 
It  has  been  observed  that  one  half  an  inch  in  depth  has  been 
evaporated  from  a  large  pond  in  twenty-four  hours  in  lati- 
tude about  42°  north,  but  this  is  an  extreme  case.  The 
amount  is  also  very  different  for  different  years,  the  maxi- 
mum exceeding  the  minimum  by  more  than  fifty  per  cent. 
Twenty  to  thirty-five  inches  of  evaporation  per  year  is  very 
common,  in  which  cases  the  amount 
for  June  would  range  from  about  2.8  inches  to  5.4  inches, 

"  July        "  "        "  "     3.0      "      "  5.8       " 

"  August    "  "        «  **    2.3      "      "  5.3 

It  is  recorded  that  in  July,  1875,  near  Boetbn,  the  evapo- 
ration was  7.21  inches.  (Much  valuable  information  on  this 
subject  was  collected  and  published  for  the  use  of  the  court 
in  The  Case  in  the  Supreme  Court  of  the  State  of  New 
York — General  Term — Fifth  Department — for  an  Applica- 
tion by  the  City  of  Kochester  to  acquire  certain  rights  to 
draw  water  from  Hemlock  Lake,  Vol.  II.,  about  1884. 
Also  certain  Trcmsaetions  of  the  American  Society  of  Civil 
Engineers,  New  York,  particularly  a  paper  by  Mr.  D.  Fitz- 
gerald, Transactions,  Vol.  XV.,  581,  (1886).) 

83.  Assume  the  pressure  and  volume  both 
constant  during  the  absorption  of  heat.  These  conditions 
make  dp  =  o,  and  dv  z=  o^m  equations  {A) ;  hence, 

dll=i  K,dr  =  K^dr\ 
.    tr   j^ 

Strictly  speaking,  these  conditions  are  realized  for  only  a 
few  exceptional  cases,  as  water  (it  its  maximum  density. 
Generally,  the  volume  changes  during  the  absorption  of 
heat  under  constant  pressure,  but  for  solids  and  liquids,  the 
change  of  volume  under  constant  pressure,  and  of  pressure 
at  constant  volume  is  so  small  they  may  be  considered  as 
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constant,  and  more  especially  bo  when  it  is  considered  tliat 
the  work  due  to  tliese  changes  for  these  conditions  is  usually 
very  small  compared  witli  the  energy  expended  in  making 
the  substance  hot.  If  C  be  the  mean  epecilic  lieat  of  a  solid 
or  a  li(|uid  for  a  large  range  of  temperaturee,  we  have  pr&o- 
tically, 

a;  =  K^=  C. 

Tables  of  specific  heats  of  solids  and  liquids  give   values 
for  Conly. 


Speclfle  b«l  of  a  few  <ollds  uxl  llqntds. 

BDbMa»c& 

Speclac  beat 
C. 

AolhoritT. 

Wrought  iron 

Cast  imn 

0.11379 

0.12983 

0.09511 

0.504 

0.320 

0.fi22 

0.20259 

Regnault. 

Spennaceti 

Alcohol. 

Irvine. 
Dalton. 

Regnault. 

84.  Mechanical  mixtures  may  produce  a  change  of 
the  state  of  aggregation,  as  when  warm  water  melts  ice.  The 
general  equations  of  thermodynamics  are  discontinuous  for 
such  cases ;  but  having  determined  expressions  for  the  lieat 
absorbed  by  fusion  and  evaporation,  we  may  write  an  ex- 
pression for  the  heat  absorbed  in  passing  from  the  solid  to 
tlie  gaseous  state.  Thus,  let  c^  be  the  specific  heat  of  the 
substance  in  the  solid  state,  c,  of  the  liquid,  c,  of  the  vapor, 
w  the  weight  of  the  substance,  T^  the  temperature  of  the 
melting  p}int,  T,  of  the  boiling  point,  7"  the  initial  and  T* 
the  final  temperatures ;  then  will  the  heat  absorbed  in  passing 
from  a  temperature  T'  below  freezing  to  7"  alK)ve  boiling  be 

A=w[r,(r„-7")+A,+c.(r,-r„)-fM- '■.{?*- 7',)].t9i) 

which  for  one  pound  of  water  at  the  pressure  of  one  atmos- 
oh  ere.  becomes 
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h  =  0.504  (32  .-  T)  + 144  +  180  +  966  +  0.48  (  T  -  212°) 
=  1204.4  -  0.504  T  +  0.48  T  (92) 

=  1200  +  0.5  {r  -  T\  nearly. 

EXERCISES. 

1.  Kequired  the  temperature  after  mixing  3  pounds  of 
water  at  90°  P.,  10  pounds  of  alcohol  at  30°  F.,  and  20 
pounds  of  mercury  at  60°  F. 

2.  Required  the  temperature  of  a  mixture  of  3  pounds  of 
ice  at  10°  F.  with  12  pounds  of  water  at  60  F.,  after  the  ice 
melts,  there  being  no  loss  of  heat. 

3.  Required  tlie  resultant  temperature  of  a  mixture  of  6 
pounds  of  ice  at  20°  F.  and  one  pound  of  steam  at  225°  F. 

Here 

0.504  X  6  X  12  +  864  +  6  (<  -  82)  =  0.48  X  13+  966  +  (212  -  t). 

4.  Desiring  to  determine  the  approximate  temperature  of 
the  gases  at  the  base  of  a  chimney,  a  mass  of  iron  weighing 
8  pounds  was  placed  in  them,  and  after  remaining  a  con- 
siderable time  was  removed  and  submerged  in  100  pounds 
of  water  at  50°  F.,  when  it  was  found  that  the  temperature 
of  the  water  waa  raised  to  55°  F. ;  required  the  temperature 
of  the  gases. 

We  have,  nearly, 

4  X  8  (^  -  m")  =  1  X  100  X  5 ; 
.  • .  <  =  ^\T  F.,  nearly. 

5.  How  many  pounds  of  water  at  200°  F.  will  be  neces- 
sary to  reduce  one  pound  of  steam  at  212°  F.  to  water,  and 
leave  the  final  mixture  of  water  212°  F. 

6.  Required  the  temperature  of  a  mixture  of  one  pound 
of  ice  at  32°  F.,  one  pound  of  water  at  32°  F.,  and  one  pound 
of  steam  at  212°  F. 

Proceeding  in  the  ordinary  way,  we  have 

144  -f  2  (^  -  32)  =  066  +  (212  -  t) ; 
.  • ,  ^  =:  366   F. , 

an  absurd  result,  since  the  mixture  would  have  a  higher  temperature  than 
that  of  the  hottest  substance. 
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ber  is  zero  during  that  operation,  and  then  the  value  of  the 
last  term  is  found  while  r,  remains  constant,  and  hence  is 
Z?^,  the  Idtent  heat  of  evaporation.  The  total  value  of  H 
will  be  the  sum  of  these  values ;  hence,  making  K^  =■  C^ 
the  dynamic  specific  heat,  we  have 

//=  (7(r,~rJ  +  //e,.  (93) 

The  lower  fixed  temperature  is  that  of  melting  ice,  unless 
otherwise  specified  ;  hence,  in  English  units 

T,  =  To 

r,^r,+  T^  32% 

where  T  is  the  temperature  on  Fahrenheit's  scale,  and 

//=  C(r-32)  +  //e,  (94) 

and  for  water  C  =  778,  and  substituting  the  value  of  -//„ 
(page  95),  we  have 

II  =r^  778  [1091.7  +  0.305  {T  -  32)] 
=  849342  +  237  (T  -  32) 
=  841758  +  237  T.  (95) 

By  means  of  this  formula  a  table  may  be  computed  that 
will  give  the  '*  total  heat  of  steam"  above  the  melting  point 
of  ice. 

86.  Evaporative  power, — If  the  temperature  at 
which  water  is  fed  to  a  boiler  be  T,°  F.,  the  foot-pounds 
of  heat  which  must  be  supplied  in  order  to  evaporate  it 
will  be 

H  =  778  [1091.7  +  0.305  {T  ~  32)  -  (T,  -  32)].    (96) 

In  determining  the  efficiency  of  a  boiler,  or  the  amount 
of  water  evaporated  by  a  pound  of  fuel,  it  is  custouiary  to 
reduce  the  amount  of  evaporation  which  actually  takes 
place  yVor/i  the  temperature  of  the  feed  water  at  the  temper- 
ature of  the  steam  to  an  equivalent  amount  at  and  from 
212°  F,  (100°  C).  In  the  latter  case  966  heat  units  are 
absorbed,  and  making  this  the  unit  of  evaporative  power, 
the  evaporative  power  in  any  other  case  will  be,  nearly. 
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[86.] 


1092  +  :3  (r  -  32)  -  (T;  -  32) 

966 

0.3  ( r  -  212)  +  (212  -  r,) 

966  ' 


=  1  + 


a  form  due  to  Kankine,  who  properly  called  the  expression  a 
factor  of  evaporation.  By  assuming  a  series  of  values  for 
T  and  T„  a  table  may  be  formed  of  the  factors  by  means  of 
which  the  given  conditions  may  readily  be  reduced  to  that 
of  the  above  unit^  and  the  actual  evaporative  power  will  be, 
in  foot-pounds, 

778  X  966  X  tabular  number. 

The  preceding  expression  reduces  to 

148.4  +  0.3  r  -  t; 


1  + 


966 


(97) 


by  means  of  which  the  following  table  has  been  computed. 


Factors  of  Evaporation. 


Boiling 
point. 


212 

230 
250 
270 
290 
310 
330 
350 
370 
390 
410 
430 


Initial  temperature  of  the  feed  water,  T^  degrees  F. 


40 


60 


1.181 
1.181 

1.19,1 
1.191 
1.19|l 
1.20|1 
1.21,1 
1.221 
1.231 
1.24,1 
1.241 
1.241 


80 


.151 
.161 
.171 
.1811 


100 


.19 
.20 
.21 
.21 
.21 
.22 
.22 
.22 


.13|1. 
.lijl. 
.151. 
.1511. 
.161. 
.16'l. 
.171. 
.191. 
.191. 
.19,1. 
.20,1. 
.211. 


120 


111.09 

121.10 

121.10 

121.10 

141.12  1 

141.12  1 

15,1. 13'1 

171.151 

171.151 

171.151 

181.16,1 

191.171 


1.00 
.02:1.01 
.0211.01 
.021.02 
.0311.02 
.041.03 
.051.03 
.061.04 
.0611.04 
.0711.05 
.08;  1.06 
.091.07 
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87.  Superheated  steam. — When  the  temperature 
of  a  vapor  for  a  given  pressure  is  higher  than  the  boiling 
point  for  that  pressure,  the  vapor  is  said  to  be  superheated^ 
and  is  sometimes  called  ''  steam  gas."  Vapor  may  be  super- 
heated by  separating  it  from  its  liquid  and  subjecting  it  to 
a  still  higher  temperature.  Let  the  vapor  be  generated  at 
Tj  degrees  and  afterward  heated  to  r,  degrees,  then  will  the 
heat  absorbed  above  r,  degrees  be, 

Zr=  //,  +    r^K^  dr  =  ir,  +  a;  (r,  -  r^.     (98) 


■X 


If  the  vapor  be  steam  and  11^  be  generated  at  T^  =  32° 
F.,  we  have 

//  =  849342  +  373  (T,  -  32) 

=  778  (1091.7  +  0.48  (7;  -  32)).  (99) 

Saturated  steam  may  contain  more  or  less  moisture ;  but 
superheated  steam  is  always  dry. 

EXERCISES. 

1.  If  one  pound  of  coal  will  evaporate  10  pounds  of  water 
dt  vlu^  from  212°,  how  many  pounds  would  it  evaporate 
from  80°  F.  at  310°  F.  ? 

2.  If,  when  the  feed  water  is  at  32°  F.  and  the  boiling 
point  at  410°  F.,  one  pound  of  coal  evaporates  7  pounds  of 
water,  how  much  ought  it  to  evaporate  at  and  from  212° 
F.? 

3.  Experiment  proves  that  one  pound  of  good  coal,  com- 
pletely burned,  wiU  develop  14500  heat  units  (B.  T.  U.), 
how  many  pounds  of  water  could  one  pound  of  such  coal 
evaporate  at  andyrom  212°  F.  if  all  its  heat  of  combustion 
were  utilized  for  that  purpose,  under  the  pressure  of  one 

atmosphere  2 

Ans.    15.0  lbs. 

4.  Under  what  physical  conditions  could  one  pound  of 
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mich  coal  as  mentioned  in  '. 
of  water  ? 

5.  If  the  feed  water  be  S 
ture  and  pressure  that  the 
2.0? 

6.  Find  the  B.  T.  U.  n 
saturated  eteam  at  212°  f 
at  the  Bame  temperature  fr 
the  results. 

(Those  who  have  not  Ume  to  ] 
Ject  may  omit  to  Art.  S8,  p.  148, 

88.  Free  expanaloi 

nal  pressure  ie  mncli  lees  t 
gas  dnring  expansion,  the  e 
principle  has  been  UBed  for 
tween  the  absolute  zero  of 
air  thermometer.  "When  i 
under  pressure  into  anotbei 
done  will  be  that  of  the  fi 
among  its  own  particles,  w 
but  during  the  expansion  ii 
cooled,  and  if  there  were  n 
external  bodies  and  the  gat 
ture  should  be  the  same  as 

Joule  made  an  experime 
vessel  of  water  two  other 
of  which  was  filled  with 
other  exhausted  of  air ;  a 
cock  in  the  connecting 
vessel  to  the  other,  but  m 
was  observed  {I'kU.  Mag. 
Him,  in  1865,  made  a  m 
same  purpose,  but  without 
ture  {^Theorie  Mecanique  c 

Sir  William   Tliomson 
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delicate  experiment.  A  porous  plug,  composed  of  a  bunch 
of  fine  silk — or,  in  some  cases,  of  cotton — was  inserted  in  a 
long  tube,  and  the  difference  of  pressures  on  either  side 
was  regulated  by  the  amount  of  silk  or  cotton  in  the  plug. 
The  air  was  forced  through  a  box  with  a  perforated  cap 
stuffed  with  cotton-wool,  so  as  to  prevent  fluctuations,  and 
this  pump  was  worked  some  time,  so  as  to  secure  steady 
action  before  records  were  made.  The  pressure  and  tem- 
perature were  kept  nearly  constant  during  the  experiment. 
The  part  of  the  tube  beyond  the  plug  was  immersed  in  a 
vessel  of  water,  observations  upon  which  determined  the 
amount  of  cooling  (Thomson's  Mathematical  Papers^  pp. 
333-455;  PhU.  Mag.  (1852),  (4),  IV.,  481).  Since  heat 
will  generally  be  abstracted,  H  will  be  negative,  and  the 
second  of  equations  {A)  becomes 

—  d  11=  Kr^dr  --  r  -j^  dp. 

**  at 

Adding  and  subtracting  v  dj>y  we  have 
—  d  II  =  Kj^d  t  —  fr-^ v\  dp  -—  v  dp; 

..E  =  K^ (r.-r.)  +y*(r ^-l-^^^dp^Jvdp.    (100) 

considering  K^  as  constant. 

But  integrating  v  dphy  parts,  between  the  limits  of  j?,  v^ 
and  i?,  jp„  gives 

J'j^^'v  dp  ^v,p,-  v,p,  +fv^'P  ^  ^• 

The  last  term  would  be  negative  if  the  order  of  the  limits 
were  reversed.  But  the  work  done  upon  the  gas  in  forcing 
it  through  the  plug  will  be  nearly  the  external  work  for  the 
sensibly  perfect  gases ;  or 

and  substituting  these  in  equation  (100),  gives 


■  *-;-■*  ■ 
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f{r  -fl  -  ^)  <^P  =  A'p  (r,  -  r.)  +  v,p,  -  v,p,,  (101) 

But  this  cannot  be  reduced,  since  r  depends  upon  tlie 
zero  of  the  perfect  scale,  which  we  do  not  know ;  we,  how- 
ever, know  by  experiment  that  it  is  not  far  from  the  zero  of 
the  air  thermometer ;  hence,  if  ^  be  the  temperature  from  the 
absolute  zero  of  the  air  thermometer,  we  have  from  equa- 
tion (2) 

-J   =  —J--  —  H,  very  nearly ; 

,    dv       R 
d  t       jp 
Rt 

dv       d  V 

Tj  —  Tg  =  ^,  —  ^„  almost  exactly, 

for  the  range  of  temperatures  in  an  experiment,  and  con- 
sidering the  specific  heat  as  constant,  or  -ffj,  =  CJ, ;  these 
will  reduce  equation  (101)  to 

T=t-\ — ,  (102) 

P. 
which  shows  tliat  the  absolute  zero  of  the  perfect  scale  is 
lower  than  the  zero  of  the  air  thermometer. 

89.  The  absolute  zero,  found  by  experiments  upon 

air,  oxygen  and  nitrogen,  by  the  aid  of  equation  (102),  has 

a  mean  value  of 

492.66°  F.  =  273.7°  C. 

below  the  melting  point  of  ice  (Thomson's  Papers^  p.  392), 
while  the  zero  of  the  air  thermometer  is  491.13°  F.  below, 
so  that  the  absolute  zero  is  about  1.53°  F.  below  that  of  the 
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air  thermometer.  The  difference  is  so  small  compared  with 
the  distance  from  the  melting  point  of  ice  as  to  render  it 
probable  that  the  approximation  is  very  close,  supposed  to 
be  witliin  ^^  of  the  exact  value. 

Specific  Heat. 

90.  General   expression   for   specific   lieat. 

The  first  of  equations  (A)  gives 

which  is  a  general  expression  for  the  sp.  heat  of  any  sub- 
stance at  the  volume  v  and  tempei-ature  r,  the  path  of  the 
fluid  being  arbitrary.  Unless  otherwise  stated,  the  path  is 
assumed  to  be  either  parallel  to,  or  perpendicular  to,  the 
«>-axi8,  giving  rise  to  the  conditions^  constant  or  v  constant ;' 
hence,  dp=^oovdv^=o^  which  in  equations  {A)  give  the 
respective  equations 

as  previously  established  in  Articles  38  and  39. 

91.  Specific  heat  at   a   chang^e  of  state  of 

ftgrSl^^KA^ioi^*  I^  ^^  been  shown  that  for  fusion,  evapo- 
ration and  sublimation  the  change  of  state  takes  place  at  a 
fixed  temperature  corresponding  to  a  given  pressure  for 
each  substance  ;  hence,  for  these  cases  we  have 

dr  =  o,dH>0; 
.••^P  =  ^=«,  (104) 

similarly, 

or  the  specific  heais  at  the  change  of  state  are  infinite. 


Kyy 
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And, 

m,  Jc*n, -|-m.,  crfm,  —  m^hem^  —  m,edm^  =.bcile; 
hence,  Bubstituting  and  reducing, 


K,  =  A',.  - 


Jo-    ^  ' 


Removing  ■o'  indefinitely  to  the  riglit,  we  have  v"  =  x , 
and  tlien  K,-  becomes  K^ ,  which,  according  to  a  theory  of 
Rankine,  is  constant  for  a  constant  state  of  aggregation, 
according  to  which  the  preceding  pquation  becomes 

S,=  C+r  r[p\da,  (105) 


'fM"" 


in  which  the  laet  term  is  the  rate  at  wliich  the  internal  work 
18  done  at  the  volume  v  and  temperature  r,  due  to  a  change 
of  temperature.  It  may  be  found  more  directly  from  equa- 
tion (67)  by  differentiating  it,  considering  r  as  the  independ- 
ent variable,  giving 

and  dividing  hj  d  r  gives  the  beat  doing  internal  work  per 
unit  of  temperature,  whicli  is  the  same  as  that  above  wlien 
tlie  corresponding  limits  are  assigned.  Equation  (105)  being 
the  specific  heat  at  the  volume  u  and  temperajure  r,  we 
liave,  for  the  heat  absorbed  at  constant  vnlnme, 

H=    /'jr,rfr=C(r.-r,)+    H"   C" T'^,drdv,{\m 

the  last  term  of  which  may  be  integrated  when  the  equa- 
tion of  the  gas  is  given. 

Similarly,  if  p  and  r  be  the  independent  variables,   we 
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'/(^)- 


(107) 


B  of  temperature  r,  —  t„  the  lieat  absorbed 
preeeiire  wonld  be 


e  apparent  specific  heat  is  the  total  heat 
y  unity  of  weight  in  producing  an  increase  of 
e  one  degree,  and  includes  that  necessary  to 
substance  hot  as  well  ae  that  doing  the  internal 
also  the  external  in  the  case  of  constant  preasnre. 
ented,  for  expansible  gases,  by  the  second  mem- 
lations  (105)  and  (107). 

specific  heat  is  that  part  of  tlie  apparent  specific 
directly  makes  the  substance  hotter.  It  is  rep- 
>y    C   in   equation   (105),   and   is  called   actual 

%rent  epecifiiC  heat  is  the  sum  of  the  actual  and 
lergies  in  the  particular  specific  heat.  Equations 
107)  are  the  dynamic  specific  lieats,  and  to  find 
Unary  units  they  must  be  divided  by  J. 
ry  of  Kankine,  referred  to  above,  is  "  The  real 
t  of  each  substance  is  constant  at  all  densities  so 

substance  retains  ita  condition,  solid,  liquid,  or 
Prime  Movers,  p.  307).     The  correctness  of  this 

been  questioned  by  Clausius,  and  in  one  ph«ce 
ys  "it  K pi'ohahli/ cnnstAat"  {ibid.,  p.  250).  The 
iseful  in  showing  the  different  effects  probably 
y  the  absorbed  heat ;  but  it  is  of  no  service  ex- 
pansible gases,  and  cannot  be  used  in  those  cases 
re  the  equation  of  the  fluid  is  known — and  it  is 
only  a  few  substances. 
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EXERCISES. 

1.  Find  the  specific  heat  at  volume  v  and  temperature  r  for 
tlie  gases  represented  by  the  equation  pv  =  Hr ^. 

TV 

We  have 

„r        a 


\d  T>j-      T»  «» '• 


.•.i;  =  c  +*'• 


r*  © 


From  this  result  it  appears  that  the  specific  heat  at  constant  volume 
decreases  as  the  temperature  increases,  for  all  gases  represented  by  the 
above  equation,  and  approaches  (7  as  a  limit. 

2.  Find  the  heat  necessary  to  raise  the  temperature  of  one 
pound  of  the  gas  of  the  preceding  exercise  from  r,  to  t,  at 
the  constant  volume  v. 

Equation  (106)  becomes 


=(<'+.-^,)<'-'» 


From  this  it  appears  that  (J  +  A^  is  the  mean  specific  heat  between  r. 


andr,. 


8.  Find  the  heat  absorbed  by  one  pound  of  CO^  in  rais 
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axis  of  Tolnmes,  A  C  parallel  thereto,  then,  as  8h< 
tion  (20),  will 

•      '('^)^«=--^ 

in  which  dv'ya.  the  former  expreseion 
is  the  abscissa  of  h  from  A  ^  Aa, 
and  dp  =  a  J  in  the  latter  is  the  or- 
dinate of  S  from  AC.  If  <Z  ^)  in  the 
former  be  made  the  abscissa  of  C  in  reference  \ 
dv  =  A  C, then  would t  (-^1  rf  v  be  the  area 

which  is  the  sum  of  the  two  preceding  expi 
hence  the  value  of  the  expression  in  the  [  ]  of 
equation.  To  indicate  that  d  v  extends  thns  f; 
essarj  to  express  v  as  a  function  of  r,  since  it  vi 
hy  two  isothermals,  and  will  be  written  thns : 

which,  substituted,  gives 

as  before. 

In  Bolids  and  liquids  it  is  difficult  to  find  the 

pressure  with  temperatnre  at  constant  volume, 

that  factor  may  be  eUminated  as  follows : — 


:CT  FLUIDS 


;ween  the  sf 
',pi>=  li 

ween  t]ie  s[ 
r—  --■ 

ttween  the 
J  point  of  ii 

tween  tlie  e] 
t  constant 


;ween  tlie  6] 
;lie  pressure 
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tlie  coefficient  of  expansion  at  77°  F.  being  0.00014  of  its 
volume  per  degree,  and  the  coefficient  of  compreeaion  being 
0,0000i6  of  ite  volnrae  for  one  atmospliere. 


=  (0.016X0.00014)'  - 


1(1" 


AssumlDg  that  the  rate  of  expansion  for  38°  ( ^  77  —  3S)  1b  uaifonn, 
the  volume  at  77°  F.  will  be 

0.016  +  i  X  "flfl  X  0.00014  X  88  =  0.01605,  nearly  ; 
hence,  for  a  pressure  of  one  pound  per  square  foot  we  have 
/dv\  _       0.01605  X  0.000046  _         8S0 
[dp]' 


2116.2 
-  JT,  =  587.6  X  lin  = 


7.66 


A  similar  computation  at  122°  gives 

e^  -  e,  =  0.0860. 
Adopting  Regnatill'a  values  for  tlie  specific  heat  s 
'e  find 

1  <;  =  I.OOOO 
at  88°  J    ' 

\  e,  =  1.0000 


il77° 


=  1,0016 
=  0.8017 


It  will  be  observed  that  while  the  value  of  e^  increases  with  the  temper- 
ature e,  decreases,  and  hence  the  difference  Increases  more  and  more  ar 
the  temperature  increases.  The  exact  numerical  results  here  found  are 
not  to  be  relied  upon,  but  they  are  approximately  correct,  and  indicative 
of  a  general  law. 

6,  Sbow,  both  analytically  and  geometrically,  that  the 
specific  heat  for  constant  presenre  exceeds  that  at  constant 
volume. 

7.  Show  that  the  tenn  r  f  -j^  d  v  disappears  for  gases 
whose  eqnatjona  (if  any)  SiXQ  p  v  =  R  i  ■]-  (p  {v). 


[M.] 


GENEBAL  EQUATION. 


Tbis  is  analfzed  by  Rankine  as  follows  {Prime  Mover*,  p.  813)  :— 

"  I.  The  varialioD  of  the  actual  heat  of  unity  of  weight  of  the  fluid 


"  II.  The  heat  which  disappears  in  producing  woric  by  mutual  moiec- 
ular  actions  depending  on  cliange  of  temperature  and  Dot  on  change  of 
volume. 


"III.  The  latent  heat  of  expaueioi 


,l£* 


,  that  is,  heat  which  dis- 


appeals  in  perfunnin}:  woric,  partly  by  tlie  forcible  enlargement  of  the 
vessel  containing  the  fluid  and  partly  by  mutual  molecular  actions  de- 
pending on  expansion." 

The  iotegnil  of  the  last  eqDatiAn  wonld,  if  performed, 
give  the  heat  absorbed,  in  foot-pounds,  in  producing  the 
clianges  of  temperature  and  volume  ;  but  the  integral  can- 
not be  performed  without  the  equation  of  the  patli  of  the 
fluid  and  the  equation  of  the  fluid, 

SOU  another  form.  Subtracting  pdv,  the  external 
work  done,  from  both  members  of  the  preceding  equation 
gives 

in  which  each  member  is  tlie  excess 
of  the  heat  absorbed  above  the  exter- 
nal work  done.  The  several  terms 
may  be  represented  by  Fig.  36,  in 
which  .^  ^  is  the  path  of  the  fluid, 
A  C  a.n  isothermal  through  A,  and 
A  a  0  C  represents  the  internal  work 
done  during  the  isothermal  expansion 
A  C.    Then 

H  =.  •m.A  B  m,. 


I  p  d  V  = 


hetmeen  C  m,  and  B 


v,ABv,  =  v,ACv,-^ABC. 

i  1)  =  areas  represented  h/  the  dotted  lines 
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these  combined  with  equation  (116)  reduces  (115)  to 

R~  fpdv  =  {Cr-S\-  {Ct-S\,     (120) 

in  which  {C  t  —  S\\b  called  the  intrinsic  energy  of  the 
gas  in  the  state  £,  and  depends  upon  the  state  of  the  gas 
only ;  hence,  the  heat  absorbed  above  that  necessary  to  per- 
form the  external  woric  equals  the  increase  of  the  iutriitaic 
energy. 

EXERCISES. 

1.  If  the  equation  of  the  gas  be^  w  =  7?  t  —  — ,  verify 

the  statement  that  the  internal  work  is  the  same  whether 
the  path  he  A  C  and  C  B,  Fig,  36,  or  the  indeiiuitely  ex- 
tended isotliermals  r,  and  v    (Equations  (117),  (118),  (119).) 

2.  If  the  equation  be  the  general  one  given  by  Rankine, 

pv=Jir~a„— —^ f^"--  —  &c.,  a,,,  a,,  a,,  t&c,  l>eitie 

constant,  verify  the  fact  that  the  internal  work  is  tlie  same, 
whether  A  C  and  C  B  he  tho  path,  or  whether  the  path  be 
along  two  isotheniiala  through  A  and  B,  respectively,  in- 
detinitely  extended. 

3.  Test  the  same  principle  for  the  ideal  gas  whose  equa- 
tion is^  7''  =  c  Tf  (■  being  a  constant. 

4.  Will  the   principle  stated  in  Exercise  2  be  true  if  tlie 
equation  of  the  gas  were  p  =  v  rl 

5.  Find  the  internal  work  done  by  ex- 
pansion at  constant  pressure  from  v,  tow, 
when  the  equation  of  the  gas  isj*^  =^ 

lir-^.    ((117),or(n8)and(110).) 


Ans.    2  a  [J LI. 

Lr,  V,       r,  r,J 


a 

I 

P. 

c 

^ 

, 

'1 

This  is  the  value  of  the  last  term  of  equation  (lOS).     The 
last  term  of  equation  (108)  is  not  easily  found  directly,  since 
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i — although  w 
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legative  but  d' 
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per  degree  of  temperature,  as  will  be  found  by  comparing  this  result  with 
that  given  in  the  preceding  Exercise. 

From  the  preceding  analysis  it  appears  that  for  ordinary 
engineering  purposes  the  specific  heat  of  all  substances  may 
be  considered  constant  for  a  constant  state  of  aggregation ; 
and  tlie  most  important  element  involving  the  imperfection 
of  the  fluid  is  that  due  to  a  change  of  state  of  aggregation. 
It,  however,  furnishes  a  wide  field  for  scientific  investigation. 

97.  Other  forms  of  the  general   equations. 

In  Fig.  39  let  the  path  A  h  be  intersected  by  equidistant  iso- 

thermals,  of  which  r  through  A  and 

r  -\-  d  T  through  h  are   consecutive. 

Through  A  draw  the  horizontal  A  a 

and  through  h  the  vertical  h  a ;  then 

will  the  heat  absorbed  in  passing  from 

A  to  a  2Lt  constant  pressure  be 

excepting  that  ^  r  is  not  independent, 
but  is  dependent  upon  d  v^  the  abscissa 
of  h  in  reference  to  A^  and  hence  we  have 


FIG.  89. 


m.Aam^-^  K^{^1—]  dv. 

\dv/ 


Similarly  the  heat  absorbed  from  a  to  J  at  constant  vol- 
ume will  be 


^■&^ 


)dp\ 


hence,  ultimately,  the  heat  absorbed  in  working  from  Atoh 
will  be  the  sum  of  these,  or 

a  form  given  by  Zennsr {Theorie  Mecanique  de  la  Chaleur^ 
p.  547).  ^^  ^^ 

Substituting  ij—)  found  from  equation  (109)  and  (;t-) 
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from  the  same,  reduces  this  to 

d  H  =  ^^.  [a;  (^)  e?  «  +  K  {p;)  aj>  ],(121) 

which  may  be  found  directly  from  equations  (^)  by  elimi- 
nating d  r  between  them.  This  form  is  given  by  Clausius 
(on  Ileat^  p.  179). 

Again^  from  equation  {A)^  we  have,  for  r  constant, 

and  from  equation  (105) 

'    '  dv  KdrJy  -"^VZtV' 

d  r  \  d  V  Ir  d  V  \  d  r  J y  ^  \  d  tJ  ^  T  \  d  V  J^ 
in  which  r  and  -v^are  the  independent  variables.  Similarly, 
from  equation  {A\  and  (107),  we  find 

/./  //^  ^  _  ^  /|.x 

d_  (d  TT\ d_  (djl\  _       A/j?\  . 

d  T  Vdj)  Jr"  dp  Vd  T  Jp-  ~  \d  t)  ' 

in  which  r  and  j?  are  the  independent  variables.  These 
forms  are  given  by  Clausius,  though  obtained  in  a  very  differ- 
ent manner  {Jferhmilcal  Theory  of  Ileat^  Clausius  (Browne's 
translation),  pp.  118,  119). 

AgaiTij  from  equation  (109),  we  have 
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X,-''-  ,_j^(,ir\ 


T.m}{ 


a  form  nsed  by  Professor  Rowland  in  his 
chanical  Eqtdvalent  of  Heat,  page  146, 

Again,  in  Fig.  40  let  r,  be  the  teinpe 
tliermal  A  S,  r,  that  of  J  i,  d  H^  the 
•  heat  absorbed  at  r,  between  the  con- 
secutive adiabatice  A  <p^  and  h  n  ;  then, 
according  to  Article  40,  equation  (20), 
we  Iiavc 

^^  =  (§^)^- 

from  which,  the  second  members  being  t)i 
d  IL       d  IL       „ 


Similarlj-,  if  r,  be  the  temperature  of  t 
r.  of  y  z,  we  would  have 

a_K,     d^ 


or,  considering  heat  emitted  as  essential!; 
tenns  may  be  written  with  the  plus  sig 
■when  a  succession  of  operaiions  are  perft 
ct/cts,  we  have 

dff 


or,  ultimately, 


f- 
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sycle  may  be  divided  into  an  indefinite  number 

adiabaticE  drawn  across  it,  and  by  drawing  iso- 

thennals  from  tlieir  intersections  with 

\  B  the  path  to  adjacent  adiabatice,  an  in- 

\  scribed    polygon   may   be   constructed 

\  wbose  area  may  be  made  to  differ  from 

V   ^     that   of  the   given  cycle  by  less   tlian 

"^^  any  assignable  quantity ;  hence,  nlti- 
~~M     mately,  if  the  integral  extend  throogb- 

'■  out  the  entire  cycle, 


r- 


(122) 

itegral  be  separated  into  two  parts,  one  along 
ing  which  heat  is  absorbed,  the  other  along  the 
ing  which  heat  is  emitted,  we  have 

(122)  is  Thomson's  generalization  of  the  second 
as  first  published  by  Clausius  in  1854   {Pogg. 
XCIII.,  p.  500  ;  Clausins  on  /feat,  p.  90). 
srentdal  of  a  function  of  two  or  more  independent 
said  to  lie  an  eytict  tlijferentiui.     Let 

Mdx-\-]:fdy 
expression,  in  which  M  and  N  may  be  functions 

then  it  is  shown  by  the  calculus  that  the  differ- 
r  in  regard  to  y  equals  the  differential  of  If  in 

'°^'  dMdIf 

dy  ~  dx 
iciple  has  been  successfully  applied  to  many  prob- 
it,  and  of  the  early  investigators,  Thomson  led 
ie  of  analysis.) 
lias  been  shown  tliat  the  integral  of  — -—  is  zero 
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for  a  complete  cycle,  it  is  an  exact  differential,  and  may  be 
represented  by  a  single  symbol,  as  ^,  and  we  have 

dH       ^ 

~if  =  »^; 

hence,  from  (-4),  we  have 

^^=^=A';^  +  (|f)rf..  (123) 

Applying  the  preceding  principle,  we  have 

d    fKy\  _d_  (dp\ 
d  v\  r  J  ^  d  T   \d  r/ 


or 


^^''^  =  ^G"7-)^^' 


which  is  the  differential  of  equation  (105).  In  differen- 
tiating the  left  member,  r  is  not  a  function  of  v^  since  v  is 
constant  during  the  change  of  temperature. 

Finally^  let  jti'  =  the  internal  energy  of  the  substance 
both  actual  and  potential, 

L  =  the  latent  heat  of  expansion  as  a  thermal  capacity, 
and  other  notation  as  previously  given,  then 

dir=  di:+pdv  =  X^dr  +  Zdv',         (124) 
.'.d£:=X,dr  +  {L^p)dv.  (125) 

But  when  any  substance  is  worked  in  a  -complete  cycle 
the  resultant  internal  work  is  zero;  hence,  d£  is  an  exact 
differential,  and  we  have,  omitting  the  parentheses  of  the 
partial  differentials, 

dir^       d 


dKy      dZ      dp 
dv  "^  dr  ^  d  r 
Similarly,  for  r  and  p  independent  variables 


(126) 


dp        dr       dr 
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exact  differential,  therefore  will  its  value 


(128) 


differential ;  hence, 

dv'  T  ~  dr'  r'^ 

dK^_dJ^_L      . 
'  '  dv  '~  dr        r 
in  the  left  member  is  not  a  function  of  v  ; 
D  that  member,  and  by  (126) 
dp      dL      dK,^L 
dT~  dr        dv        T 
rhertnodynamic  Fnnctlon,  or  En- 
unction  <p  llankine  calU  the  thernwdytiamic 
!  differential  of  ip,or  d  <p,  is  the  heat  ah- 
de^ee  of  (Solute  temj>erature  between  serv 


(12i>) 


(1*0 


le  aiihstance  is  worked  almig  any  path  from 
diabatic  to  a  point  on  tlie  adjacent  adiabatic. 

path  be  an  isothermal,  aa  A  Ji,  Fig.  42, 
ure  is  t. 

path  by  an  indefinite  nuinljer  of  ordinates 
.  them  the  constant  distance  dv,  and  from 
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the  points  of  intersection  a,  h,  a',  h',  &c.,  dmw  adiabatit 
and  across  these  draw  tlie  iBOthermals  K  D,  J  F,  G  11,  & 
the  Baccessire  ones  differing  by  one  degree,  in  wliieh  es 
the  temperature  oi  C  D  will  \iG  t  —  1,  oi  E  F,  r  ~- %  & 
Then  will  d  <p,  for  an  expansion  from  state  a  to  state  J,  1> 

d  <p  =  cdfe; 
for  we  have  previonsly  shown  (Article  40)  that  the  heat  a 
sorbed  in  working  from  «  to  i  isothermallj  will  be 


""'^^'G?)'"' 


dJI 

' ''  "I  </  1. 


dU      ldp\ 

hut  it  was  shown  in  the  same  article  that  isothennals  eip 
distant  in  temperature  divide  the  heat  into  equal  part 
hence,  cdfe  in  the  figure  will  represent  one  of  those  eqi 
parts: 

.■.i-/^=.,//,  =  ,.^=(i^f),r..       (13 

Also, 

d  <p  ^=  ah  d  c  =■  c  dfe  =  efh  g,  &c. 

And  for  au  expansion  from  state  A  to  state  a,  we  have 

dtp  =  Aae.C=  Ore  E=  Feg  G,  Ac, 

and  similarly  for  other  expansions.     But  CceFAoes  r 

equal  c  d  f  e,  &c.     For  the  sensibly  perfect  gases  equati< 

(131)  becomes 

;  ^^  7 

a  <p  =  —  <i  V, 

according  to  which  d  <p  diminishes  as  v  increases,  H  ai 
d  V  being  conutant ;  hence 

Cue  K>  cdfe->  d  <-■'  e' f,  &c., 
and  for  v  indefinitely  large  the  area  representing  d  <p  vh 
ishes ;  and  for  v  zen>,  d  <p  will  be  indefinitely  large.     T 
indefinite  iut^ral  of  the  preceding  equation  is 
tp  =  li  logv  ~\-  C, 
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I  ==  1,  we  have 

tp  =  C  =  <p,  (6ay) ; 
.• .  <p  —  cp^  =:  li  log  V, 
le  value  of  <p„  or  C,  is  unknown,  and  it  is  imprae- 
I  find  the  value  of  ?' ;  a  condition,  Iiowever,  winch 
e  consequence,  since  it  is  only  tlie  difEcrencc  of  tlie 
mamic  functions  that  is  of  any  importance.  Al- 
liis  illustration  is  for  perfect  gases,  yet  the  principle 
ae  for  all  substances.  This  principle  may  be  par- 
astrated  by  our  notation  for  indicating  heat  ab- 
iring  isothermal  expansion.  Thus,  in  Fig.  42,  let 
e  heat  absorbed  in  expanding  from  some  unknown 
n  the  isothermal  ^  ^  to  state  A,  and  Jfg  the  tieat 
in  expanding  isothenually  from  the  same  unkuowu 
5:  then 

ih—m  =  ^m, 

:he  heat  absorbed  in  expanding  isothenually  from 
A  similar  notation  will  apply  to  expansion  accord- 
y  law,  the  points  L,  A  and  B  being  on  the  same 
iniilarly,  whatever  be  the  unknown  initial  value  of 
ly  write 

<pa  —  iPi.  =  \<P». 
im  of  all  the  areas  C  e,  c  f,  &c.,  between  C  EsnA 
resents  the  heat  absorbed  for  one  degree  of  abso- 
jerature  for  an  expansion  from  state  A  to  state  B. 
nation  (131),  if  r,  be  the  constant  temperature  of 
I  have  by  integration 

=-^  =  9>B - -Pi  =  ODFE==ABDC,&c. 
customary  to  compute  the  heat  absorbed  from  the 
ite,  A,  in  which  case  7/a  =  0,  and  we  have 

,11,    _     _ 
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The  raluu  of  the  thermodynamic  f  uneti( 

and  for  A,  tp^^=  L  A  CM; 

...  tp^  —  fp^=  ABDC=z 

TUns  far  we  have  considered  ■»  aa  thi 
able,  and  deduced  and  interpreted  d  ^\a 
Now  we  will  make  tp  the  independent 
case  d  tp  will  be  constant.  This  c«ndH 
plished  by  drawing  the  successive  adiab 
&c..  in  such  a  manner  that  the  areas  A 
shall  be  equal,  in  which  case  we  not  onl; 

AacC=  Cc6E=Eeg' 
hut  also 

A  acC  =  ah dc  =  ha' c'  d  =  i 

eo  that  if  the  entire  space,  ip,AB  tp,. 
thermals  of  which  the  successive  ones 
degree  of  temperature,  and  adiabatics  d 
jnst  described,  all  the  ataall  areas  th 
equal. 

Since  Fig.  42  is  used  to  illustrate  t 
sion,  it  should  be  observed  that  the  tw 
wilj  not  coincide,  but  that  there  will  b< 
tween  the  initial  and  terminal  adiabatics 
the  latter  mode  of  division,  if  the  area  j 
in  both  cases.  When  d  tp  va  constant,  t 
Itairs  of  contiguous  ordinates  passing 
j4,'fl,  J,  &e.,  of  the  intersection  of  succei 
any  isothermal,  A  B,  will  be  governed  ' 


■ma 


dv' 
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y  perfect  gases  becomes,  observing  tliat^ 

dv   _  p'      I"  _^'. 

dv'       -t'     p      p^ 
mts  of  tlie  volume  vary  inversely  as  ths 
te  volumes,  or  directly  as  the  volumes. 
i,  then,   become  indefinitely  large  as  the 
li  indefinitely  near  the  axis  O  v  and  dimin- 
they  approach  the  axis  Op. 
batics  be  nuinhfred  in  the  order  of  the 
beginning  with  any  arbitrary  number,  as 
will  a  e  be  S;    hd,  9,  &c.,  and  if  the 
»„  be  12,  the  nmiAvr  of  spaces  between 
Ube 
13  -  7  =  5, 

iBDC=  5  X  AacC; 

^DFE~  5  X  AacC\ 

&c.  &c. 

A  be  the  nunAer  of  the  initial  adiabatio 
jni  any  arbitrary  zero,  9>b  of  B  <p„  theu 
=  {'P^-q>:).Aac  C=  CDFE% 
iimier  indicating  the  temperattipe  of  the 
and  T,  of  any  lower  isothermal,  ae  £"  /', 

the  unit  of  measurement,  which  may  be 

,  and  we  finally  have 

^  -  tO  (,<p^  -  <P^)  =  ,r,  X  A?".,  (132) 

foot-pound  be  the  unit  of  heat,  the  ther- 
•tion-,  ^tpa,  will  represent  the  nchber  of 
eat  ahsorhed  by  the  substance  per  degree 


[97a.]  THE  THERMODYNAMIC   FUNCTION.  141 

of  temperature  while  expanding  isotherraally  from  any 
adiabatic,  A  9?^,  to  another,  B  ^,. 

If  r,  =  0^  we  have 

€p^AB<p^=r^  (9?B  —  <Pa\  (132a) 

The  natural  zero-adiabatic  is  the  ordinate  0  p^  but  be- 
tween that  and  the  initial  adiabatic  of  any  problem,  as  A  ^„ 
there  will  be  an  infinite  number  of  adiabatics  including 
areas  equal  to  A  a  c  C  between  the  isothermals  B  A  and 
D  C;  hence  from  this  zero  the  number  between  A  and  B 
would  be  expressed  by  the  difference  between  two  infinites, 
thus, 

00    —  00  , 

which  is  indeterminate.  An  arbitrary  zero-adiabatic  may 
be  assigned,  but  it  is  unnecessary  so  to  do,  since  it  is  only 
the  difference  of  the  thermodynamic  functums  that  is 
sought 

The  form  of  the  expression  in  the  second  membeV  of 
equation  (132)  is  similar  to  that  expressing  the  area  of 
a  rectangle.  Thus,  suppose  that  in  measuring  a  rectangular 
field,  AB  D  Cy2k  point  is  arbitrarily  assumed  in  the  side 
A  B  prolonged,  from  which  the  comer  A  is  a  feet,  and  B,  b 
feet ;  then  will  the  length  of  that  side  he  b  —  a  feet  long  in- 
dependently of  the  position  of  the  point.  Similarly,  if  the 
comer  D  he  x  yards  from  a  point  in  the  line  of  B  D^  and 
B,  y  yards  from  the  same  point,  the  area  of  the  rectangle 

will  be 

A  B  DC={b--a)(x-y)  ft.-yds., 

the  unit  area  being  one  foot  wide  and  one  yard  long.  If 
differences  of  temperature  only  were  used  the  position  of 
the  absolute  zero  would  be  of  little  consequence. 

Equation  (132«)  fumishes  the  following  definition  :  The 
difference  between  the  num^erical  valves  of  the  tJiermodynain- 
ic  functions  corresponding  to  two  adiahaties  is  equal  to 
the  quotient  of  the  number  of  foot-pounds  of  heat  absorbed 
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ting  along  any  laotherTnal  from  one  of 
the  other,  divided  hy  the  absolute  tetnper- 
\<f  to  thai  iaothermal. 
the  fluid  is  not  an  isothermal,  the  same 
ble,  bnt  r  will  vary,  and  r  d  tp  cannot  be 
i  difference  of  tlie  thermodynamic  fune- 
rmined  in  eome  cascB.     For  instance,  in 

dII=Td^^K^dr; 

dH       ,  ,,  rfr 

— -  =d<p  =  A,^^; 

conBtant,  wo  have 

9>>  —  -Pa  =  -S";  %  I'- ; 

)rbed  will  be 

3  arbitrary,  the  differential  expression  for 
I  fnnctioQ  is 


e  expression 
djf 

T 

38  body,"*  from  the  Greek  word  Tpoxtf, 
lince  it  is  a  measure  of  the  rate  of  the 
leat  from  the  source  to  the  body  per  unit 
ratnre  of  the  source,  in  pairing  from  one 
neecutive  one.  It  is  identical  with  Ran- 
ttiio  function- 
ed that  tlie  spaces  A  B  J)  C,  CD  FF, 
into  the  same  number  of  strips  by  the 
A,  a,  J,  &c.;  hence,  qjt  —  ^t.  h*8  th^ 
e  space  between  any  pair  of  isothermala, 
xhanieal  Tktory  of  Heat,  p.  102. 
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whether  equidistant  or  not.  If  the  state  a  approaches  A , 
ultimately  coinciding  with  it,  the  spaces  A  a  c  C^  C  c  e  E^ 
&c.,  vanish  ;  in  other  words,  if  the  expansion  be  adiabatic^ 
no  heat  will  be  absorbed  or  emitted,  and  for  this  case 

rf  ^  =  0; 
.  • .  ^  =  co7ista7it ; 

that  is,  the  entropy — or  the  thermodynaTnic  function — of 
an  adiahatic  is  constant^  and  this  is  the  characteristic 
equation  of  an  adiahatic.  For  this  reason  we  have  fre- 
quently used  the  symbol  ^  to  mark  the  adiahatic. 

This  property  may  be  put  in  contrast  with  a  property  of 
an  isothermal  in  the  following  manner  : 

That  property  of  a  substance  which  remains  constant 
throughout  such  changes  as  are  represented  by  an  isothermal 
line  is  the  temperature.  The  constant  property  is  that  of 
constant  h^eai. 

That  property  of  a  substance  which  remains  constant 
throughout  the  changes  represented  by  an  adiahatic  line  is 
the  Thermodynamic  function^  or  Entropy,  This  constant 
property  is  the  constant  rate  at  which  heat  must  be  ab- 
sorbed by  a  substance  per  unit  of  absolute  temperature  when 
the  path  of  the  fluid  is  from  any  point  on  an  adiabatic  to  a 
point  on  the  adjacent  one. 

08.  liiquid  and  its  vapor  combined.    Let 

W  =  the  pounds  of  the  substance,  initially  in  a  liquid 
state,  in  a  closed  vessel,  from  which  we  assume  that 
heat  does  not  escape, 
w  =  the  pounds  of  the  substance  vaporized  by  the  ab- 
sorption of  heat, 
C  =  Ky^  and 
i  II  •=:  the  heat  absorbed  by  the  substance  in  increasing  the 
temperature  from  r  to  r  -\-  d  r  and  vaporizing  a 
part  of  it  at  the  latter  temperature ; 
then  equation  {A\  becomes 
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WdII=  WCdT  +  wrfi^^dv, 
dU=  CdT-{-^dII. 

=  CdT-\-x-dII.,  (138) 

X  is  the  fractional  part  of  a  pound  of  tlie  eubetance 
zed.  Integrating  tliis,  observing  tliat  the  conditions 
problem  require  that  the  higher  temperature  T,  must 
t  at  which  the  quantity  x  is  evaporated,  we  have 

//=  C{t,  -  t.)  +  ar  -  H,.  (134) 

substance  be  water,  we  have 

C=  J=  778  foot-pounds, 
//,=  1117880- 544.6  T. 

lation  (134)  is  sometimes  used  in  calorimeter  test^  for 
(lining  tlie  amount  of  water  in  steam.  Tims,  to  find 
T  cent  of  water,  we  have  from  equation  (134) 

100(l-»)  =  100"-+'-'';-'--'-^^      (135) 
Addenda.) 


Ry  condensing  the  steam  fi-om  a  boiler  into  a  reservoir 
tcr  it  was  found  that  (IMOOOO  foot-pounds  of  heat  had 
mparted  to  one  pound  of  the  steam  above  the  temper- 
of  the  feed  water  ;  the  temperature  of  the  feed  water 
100°  F.  and  the  steam  from  the  boiler  320°  F.,  how 
liquid  water  did  the  steam  contain '( 


(7(r, -r,)=  171180  ft. -IbB., 

H,  =  693000  ■'  '■  nearly,  » 

mm  =  86Sieo  ■•  " 
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which  is  the  foot-pounds  of  heat  that  the  steam  should  have  contained, 
above  100*  F.  if  it  had  all  been  evaporated,  but  the  test  showed  that 

.     ir=600000; 


.  • .  difference  =  208160 ; 

./w...         X       26316000       ^ 
.  • .  100  (1  -  a;)  =  -gg^ooo"  =  ^  P^""  ^°*- 

2.  If  the  feed  water  be  100°  F.  and  the  temperature  of 

the  steam  be  338°  F.  and  the  heat  absorbed  above  that  of 

the  feed   water,   II  =  900000  foot-pounds,   required    the 

amount  of  water  suspended  in  the  steam. 

Here, 

C  (Tj  -  r,)  =  238*^  X  778 

=  185000 

a  =  683000  fL-lbs.  at  838% 

sum  =  868000  *'    " 

which  not  being  so  much  as  was  measured,  the  steam  must  have  been 
superheated. 

99.   The  specific  lieat   of  saturated    vapor 

is  not  that  at  constant  pressure  nor  that  at  constant  volume, 
but  it  is  the  heat  necessary  to  raise  the  temperature  of  one 
pound  of  the  substance  one  degree  when  the  steam  remains 
continually  at  the  point  of  saturation.  Conceive  the  tem- 
perature of  the  entire  mass  to  be  increased  an  amount  d  r 
and  the  volume  an  amount  d  v ;  then  will  the  heat  exist 
in  the  three  following  parts  : — 

1°.  The  heat  absorbed  by  the  liquid.  The  liquid  not 
evaporated  will  be  W  —  w^  using  the  notation  of  the  pre- 
ceding article,  and  the  heat  absorbed  by  it  will  be 

{W'--w)Cdr. 

2®.  The  heat  absorbed  by  the  vapor.  Let  S  be  the  dy- 
namic specific  heat  of  the  saturated  vapor  of    constant 

weight,  then  will  the  heat  absorbed  by  it  be 

wSdr. 

3**.  An  additional  amount,  d  lo^  of  the  liquid  will  be 
evaporated  both  on  account  of  the  enlargement,  d  v^  and  the 
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in  which  v  may  have  any  value  from  v,  to  «„  correBponding 
to  valaes  of  x  from  a;  =  0  to  at  =  1 ;  the  former  of  which  is 
for  the  liquid  state,  and  the  Utter  for  total  evaporation. 
Differentiating, 

J—  =  V,  —  z\  =  u  (say),  (137a) 

wliich  substituted  above  gives 

5=C_-'  +  ^3  (138) 

or  in  heat  units 


(189) 


dr 
which  is  the  result  Bought. 

For  water  the  latent  heat  of  evaporation  is 
h,  =  1436.8  -  0.7  T  ; 
.    A,  _  1436.8 


also 

C=:  1; 

which  values  substituted  give 

,  =  1  _  l^,  (140) 

which  is  negative  for  all  values  of  r  less  than  1436°  F.  above 
absolute  zero,  or  976°  F.  above  the  zero  of  Fahronheit's 
Ecale.  The  above  solution  is  an  abstract  of  the  analysis  of 
Sir  William  Thomson.*  The  negative  value  is  thus  ex- 
plained : — If  saturated  steam  bo  expanded  in  a  non-conduct- 
ing cylinder,  a  portion  of  it  will  condense,  giving  up  ite 

•  Math,  and  Phyt.  Paper*.  Vol.  I.,  pp.  145-207 ;  Pha.  Mag.  (1888).  IV. ; 
Tran».  R.  8.  Bd..  1601. 
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heat  to  the  remainder  of  the  steam,  thus  maintaining  the 
temperature  corresponding  to  the  pressure  of  saturation ;  and 
if  it  be  compressed  in  such  a  cyHndcr,  heat  must  be  abstracted 
if  the  pressure  and  temperature  continoally  correspond  to 
those  of  saturation.  If  heat  be  not  abstracted  iu  the  latter 
case  the  steam  will  be  superhenttd,  and  the  temperature  will 
exceed  that  corresponding  to  the  pressure  of  saturated  steam. 

In  regard  to  this  Itankine  said :  "  This  conclusion  (the 
hquefaction  of  steam)  was  arrived  at  contemporaneonBly  and 
independently  by  M.  Clausius  and  myself.  Its  accuracy 
was  subsequently  called  in  question,  chiefly  on  the  ground 
of  experiments  wliich  sliow  that  steam  after  being  wire- 
drawn, that  is  to  say,  by  being  allowed  to  escape  tlirough  a 
narrow  orifice,  is  superheated,  or  at  a  higher  temperature 
than  that  of  liquefaction  at  the  reduced  pressure.  Soon  after- 
ward, Jiowever,  Professor  Williara  Thomson  proved  that 
these  experiments  are  not  relevant  against  the  conclusion  in 
question,  by  showing  the  difference  between  the  free  ex- 
pansion  of  an  elastic  fluid,  in  which  all  the  power  duo  to 
the  expansion  is  expended  in  agitating  the  particles  of  the 
fluid,  and  is  reconverted  into  heat,  and  the  expansion  of  the 
same  fluid  under  a  pressure  equal  to  its  own  elasticity, 
when  the  power  developed  is  all  communicated  to  external 
bodies,  such,  for  example,  as  the  piston  of  an  engine"  {Misc. 
Sc.  Papers,  p.  399). 

Professor  Clausius  said :  "  The  conclusion  tliat  the  spe- 
cific heat  of  saturated  steam  is  negative  was  drawn  by  Ean- 
kine  and  by  myself  independently  at  about  the  same  time 
(Theory  of  Ileal,  p.  135).* 

lOO.  Adiabatics  of  imperfect  gases.  This  con- 
dition requires  that  II  =  0,  .  ■ .  d  II  =  0  m  equations  [A), 
giving 

— Rnokine's  in  Edinburgh, 
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In  order  to  integrate  the  first  of  these,  K„  am 

be  known  functions  of  t  and  v.  K,  not  only  dep 
the  volnme  but  is  not  a  known  function  of  r.  E 
ing  that  its  general  expression  la  given  by  equatio 
determination  requires  a  knowledge  of  the  equal 
fluid,  and  that  can  be  known  only  empirically, 
would  apply  only  for  the  range  of  the  experiin 
which  the  formulas  were  based.  We  have,  howe 
for  carbonic  acid  gas,  and  for  all  other  flnit 
gated,  that  the  specific  heat  at  constant  volume 
stant  state  of  aggregation  is,  without  a  large  erro 
within  the  range  of  ordinary  experience ;  and  eiti 
K^ ;  hence,  representing  these  by  C,  and  (7p.  re 
we  have 


in  which  y  must  be  constant  for  the  range  through 
specific  heats  are  considered  constant.  Assumiu^ 
(4)  as  the  general  equation  of  fluids,  and  consideri 
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to  be  determined  by  experi- 


V        TV 

(142) 

-Jf(«ay), 

'  +  &C. 

n— =  ^' 

Mdv, 

Ndp, 

r 

(143) 

(ip. 

AtioQS  to  tlie  adiabatics  for 
<!  can  be  eliminated  by  means 
an  equation  involving  r  and 
neans  of  tlie  same  equation ; 
be  too  complex  to  admit  of 
meral  finite  equation  to  adia- 

lat  the  equation  of  tlie  adia- 
apora  as  are  used  for  engi- 
f  the  Bame  form  as  tliat  for 
east,  within  the  limlte  used 
represented  by  the  equation 
=  e,  (144) 

or  the  particular  snbBtance, 
substance. 

ered  as  a  perfect  gas,  we 
of  a  pound  of  steam  at  212° 
traosphere  to  be  26.5  cubio 
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feet ;  lience,  if  it  followed  the  gaeeous  li 

volume  at  tlie  latter  temperature  would 

%  =  26.50  -i-  l.3fifi  =  19.31 

.  • .  ^„  «„  =  19,39  X  2116.2  =  41(1 

.-.■E^^l  =  83.28. 

JC,  =  0.48  X  778  =  373.44, 
X,  =  373.44  -  83.28  =  290 

.  ■ .  y  =  -t:?  =  1.3,  nearly ; 

hence,  the  equation  of  the  adiabsitic  for  t 
a  sensibly  perfect  gas,  will  be 


This  value  of  y  is  used  for  superheat 
peratures. 

But  steam  as  used  in  the  Bteam-engim 
or  lees  saturated,  for  which  case  Ranki 
aj^{^maie  valne  of  y,  so  that  for  sue! 
of  the  adiabatic  will  be 

Rankino  was  the  first  writer  to  give  c 
equation  to  the  adiabatic  of  saturated  steaj 
in  Lis  Theorie  dee  Machifies  d  Vapeur, 
eteam  comported  like  a  perfect  gas,  and  i 
a  value  entirely  without  foundation,  aa  i 
(145)  and  (147),  and  which  that  anthor  h 

In  1863  Grashof  reviewed  the  -quest 
mean  value  of  y  =  1.1354. 

Still  later.  Professor  Zeuner,  by  a  sei 
in  which  the  initial  pressures  varied  from 
final  pressures  from  4  to  2  atmospheres 
specific  quantity  of  initial  vapor  (or  the  } 
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cj'Ihider  that  was  vapor  before  cut-off)  was  0.70,  0.80, 
found  results  from  which  he  concluded  that : 

9  value  of  y   is  dependent  chiefly   upon   the  initial 

Ic  volume  of  the  vapor. 

%t  it  is  nearly  constant  for  tfte  same  initial  state  of  the 
for  all  the  pre^dures  observed  from  o?ie  to  four  at- 

leres. 

it  the  value  of  y  may  he  represented  by  the  empirical 

ula 

y  =  1.035  4-  0.100  x„  (US) 

ich  x,  is  the  initial  specific  quantity  of  the  vapor.  This 
ila  is  limited  to  values  of  «,  between  0.7  and  1  (The- 
Mecanique  de  la  Chaleur  (1869),  (329-335).  In  this 
ila,  if  ar,  =  0.76,  that  is,  if  24  parts  in  100  of  the 
s  initially  water,  it  gives  y  =  1.111,  which  is  the  con- 
value  projMJsed  by  Rankine.  If  equation  (148)  can  be 
ied  to  values  of  ir,  much  less  than  0.7,  it  appears  that 
liabatic  for  saturated  steam  approximates  more  and 
nearly  to  the  isothennal  of  the  perfect  gas  in  which 

;  and  for  values  of  ic,  less  than  0,50,  the  two  curves 
early  coincide  within  the  ranges  of  expansions  used  in 
irj'  practice.  Hence  the  curve  of  adiabatic  expansion 
t  saturated  steam  approximates  to  that  of  the  eqiii- 
1  hyperbola. 
;  when  wo  consider  the  complex  nature  of  tlie  problem 

temperature  of  the  surrounding  walls  being  modified 
;  nature  of  the  metal,  its  thickness,  its  exposure  exter- 
the  time  of  the  exposure  internally  depending  upon 
•ton  speed  ;  rendering  it  practically  impossible  to  realise 
adiabatic  expansion — it  is  too  much  to  expect  any  em- 
l  formula  to  cover  all  the  cases  of  approximate  adia- 
:;xpansion  which  might  arise ;  and  we  conclude,  as  did 
T,  that  the  empirical  formula  of  Kankine,  equation 

is  sufliciently  exact  for  theoretical  or  practical  pwr- 
when  the  initial  steam  contains  but  little  water. 
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TTie  equation  of  the  adicAatic  for  saturated  »t 
be  determitied  under  the  enppositioD  that  the  Bteai 
continually  saturated.  Thus,  Bubstituting  S  from 
(138)  in  (135o)  gives,  for  Baturated  steam, 


dn=  Cdt-\-x(^ 


d  //.      //A 
d  r  -  t) 


-H, 


K 


...■!JL  =  jJi^+,,{t£). 

The  limits  of  integration  of  this  equation  will 
r  for  temperature,  and  v,  and  v  for 
volume,  if  the  specific  volume  of  the 
water  from  which  the  steam  is  gener- 
ated be  neglected  ;  in  which  case  the 
Epecific  volume  of  the  Bteam  and 
water  in  the  former  case  will  he  a-,  v, 
and  in  the  latter  x  v.    For  adiabatic  ex-  kio. 

pansion  d  11=0,  and  the  integral  becomes 

7  ,     r,  dp,  dp . 

•'  T        '   '  dr,  d  r 

~  dp  ' 

d~T 

in  whicJi  x,v,=  0  G,  Fig.  43,  will  he  the  volui 
pound  of  the  saturated  steam  and  water  at  the  I 
of  expansion,  and  x  v  the  volume  of  the  steam  : 
at  any  point  of  the  expansion  B  C. 

Eliminating  -fi  from  the  denominator  of  tho  last 
dr 

by  means  of  (82),  and  then  r  by  means  of  (81),  t 

will  be  the  equation  of  the  adiabatic  B  C  in  tern 

variables  x  v  and  p ;  but  the  second  member  wi 
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be  of  practical  value ;  and  tlie  approximate 
Baiikine  (147)  will  be  used  instead.  An  iin- 
retical  deduction  may  be  made  from  the  equa- 
reeent  form  ;  thus,  if  the  steam  be  dry  at  B,  the 
off,  X,  will  be  unity,  and  making  x  v  ■=  u,  we 
le  aid  of  (86), 


=5£Kj+-f^;)^ 


(150) 

>8itive  for  values  of  r,  less  than  1436"  F.,  tlie 
liat  makes  equation  (140)  negative.  Tliis  shows 
ime  of  steam  and  water  will  be  less  than  the 
ime,  V,  of  steam  only  at  tlie  temperature  r.  This 
idensation,  as  stated  in  Article  09. 
nitial   volume   of   steam  l>e  mie  nihtc  foot,  ita 

be  ~  =  w.,  and  let  r  =  —  ;=  tiie  variable  ratio 

n,  then  will  equations  (150)  and  (87)  reduce  to 

r  =  -r(„,./!»,i+:^'),  (152) 

(f  wliicli  the  ratio  of  expansion  may  be  com- 

tndenserSt  A  condenser  consists  of  a  vessel 
inparatively  low  temperature  by  means  of  cold 
le  pnrpoKe  of  condensing  steam.  In  tlie  jet  con- 
jid  spray  is  forced  into  the  vessel,  and  for  tlie 
lenser  the  cold  liqidd  circulates  about  the  vessel 
tubes  in  the  vessel,  producing  a  cold  surface, 
piston  of  the  engine  is  very  near  the  end  of 
I  communication  being  made  between  the  steam 
cylinder  and  the  condenser  through  the  exhauat 
steam  rushes  into  the  condenser,  and  the  greater 
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part  of  it  is  Buddenly  condensed — the  pressure  falling  to 
two  pounds  per  square  inch,  more  or  less.  Using  the  sub- 
script 2  to  indicate  the  conditions  at  tiie  end  of  the  stroke, 
*  and  3  for  those  in  the  condenser  at  the  end  of  the  operation, 
and  discarding  the  effect  of  molecular  changes  under  varying 
pressures,  thus  assuming  that  the  heat  abstracted  will  be  the 
difference  in  the  heats  in  the  initial  and  terminal  strokes 
(which  will  be  approximately  correct),  equation  (148)  w^ill  give, 

B  =.J{T,  -  r.)  +  X,  v,^-  -  x^v,^  ,  (153) 

for  water  and  for  the  Fahrenheit  scale,  and  is  the  heat 
abstracted  from  a  pound  of  steam  in  reducing  its  tempera- 
ture from  T^  to  T^  degrees. 

The  steam  end  of  the  cylinder  will  remain  practically  at 
constant  volume  during  this  change,  and  neglecting,  as  be- 
fore, the  specific  volume  of  the  water  from  which  the 
steam  is  generated,  and  assuming  that  the  volume  of  the 
space  within  which  the  change  of  temperature  takes  place 
is  constant  during  the  change,  we  have 

a?,  v^  =  a?,  -y,  =  u„  (154) 

and  the  preceding  equation  becomes 

II  =  J  {T,  -^  T;)  +nj^^^  ^^]  .  (155) 

In  a  continuously  working  engine  a  constant  mass  of 
vapor  remains  in  the  condenser  at  the  end  of  each  stroke, 
the  amount  condensed  being  equal  to  that  exhausted,  and 
JJ^  may  be  neglected  in  (155),  for  which  case  we  have 

I£=J{T,-  r.)  +  7/.  ^«  (155a) 

The  pressure  of  the  vapor  in  the  condenser  determines 
its  temperature,  and  that  will  be  the  inferior  limit  of  tem- 
perature at  which  the  steam  will  be  worked. 
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Pproximatelj,  the  amount  of  water  that  miiBt 
le  coiidoiiaer  of  a  steam-engine  per  pound  of 
d,  having  given  T,  =  300"  F.  tlie  temperature 
1  the  cyhnder  as  it  exhauste  into  the  condens- 
lie  fractional  part  of  the  steam  and  water  in 
it  may  be  considered  as  pure  saturated  steam, 
I  the  condenBer  two  ponnds  per  sqoare  inch 
ater  entering  the  condenser  at  60°  F.,  and 
tO^F. 

.  table  of  tUo  properties  of  Mtiiral«d  steam,  or  by  eqs. 
wc  find,  lining  approximatioiis  In  Ihe  larger  Dumbere, 
^t  tliv  condeoser  for  3  lb«.  per  Hq.  in.,  Tt  =  186 

blem.  r,  =  300 

r,  -  r,  =  174  ; 


,-T,)  =  174  X  778  = 

:  135400  ft..]bB. 

steam  at  800°  will  be 

778  X  1173  =  912800 

above  83', 

778  X    270  =  210000 

Difference,  ffn  ■ 
ir  Ihe  specific  volume  of  the  steam  at  800°. 


Difference,  Ha  =  798800 
u,  =  172   cu.  ft.; 
■  ■  —  =  4940. 
I  equation  (155)  give 
T=  laWOO  +  604600  =  740000  ft. -lbs. 
Ilcdio  tbe  condenser  being  raised  tbrougb  100  —  60  =  40 
ity  required  will  be 
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740000 
«  =  TT^'xlO  ~       Po«»"is.  nearly. 

Equation  (16Sa)  gives  24.T  llw.  ;  that  la,  a  cundcosiiig  engiDC  running 
with  steam  at  62  pounds  guuge  pressure  will  require  about  25  pouuds 
of  water  for  the  condeiiser  for  every  pound  of  slenm  condensed  if  the 
lemperature  of  the  water  1)e  raised  40  degrees.  If  a  greater  difference 
of  temperKlure  of  the  water  at  arriving  and  leaving  be  allowed,  it  would 
require  less  water,  or  if  the  gauge  pressure  be  higher,  it  will  require  more 
water  for  the  same  difference  of  temperature. 

The  numerical  compntation  of  (155)  will  be  facilitated  by 
a'  table  of  tbe  latent  heat  of  evaporation  per  cubic  foot,  since 

lOa.  I80diabatic  Lines.  Let  CN  and  B  M,  Fig.  44, 
be  any  two  ieothermals  cut  by  an  arbitrary  path  A  D.  In  pass- 
ing from  yl  to  i?  a  certain  amount  of  heat  will  be  absorbed, 
represented  by  the  area  between  D  A  and  two  adiahatics 
drawn  from  A  and  D  respectively,  as  shown  in  Article  34. 
It  is  possible  to  find  another  path,  C  B,  in  working  along 
which  tlie  same  amount  of  heat  will  be  emitted  as  was  ab- 
sorbed along  A  D.  To  prove  this,  conceive  an  indefinite 
number  of  isotbermals  between  C  N  and  B  M,  and  at  the 
points  of  division  with  A  D  draw  adiabatics ;  then  find 
a  point  near  C^  which  call  2,  on  the  isothermal  next  below 
C  I>,  each  that  when  joined  with  C  the  area  included  be- 
tween z  C  and  two  adiabatics  through  z 
and  C,  respectively,  will  equal  that  be- 
tween the  corresponding  pair  at  D. 
Proceed  in  tliis  manner  with  the  next 
isothermal,  and  so  on  %o  B;  then  will 
the  area  between  B  C  and  the  adiabatics 
through  B  and  C  respectively  equal  the 
area  between  A  D  and  the  adiabatics 
through  A  and  D  respectively,  which  was  to  be  proved.  The 
lines  D  A  and  B  Care  called  isodiaiatics  in  reference  to 
each  other  (Kankine's  Misc.  Sc.  Papers,  p.  345  ;  Steam- 
Engine,  p.  845). 
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'tieal  coudition,  conceive  C  N  and  £  M 
ieothermals,  then  tlie  lieat  absorbed  in 
X>  will  be,  from  equation  (^), 

ng  CB, 

=  '•"'  +  ' G^)"".^ 

I  t)ie  conditions  of  tlie  problem,  are  to 

=  {;J^;)<J.„  (156) 

lepeiident  of  tbe  Bpecilic  heat  of  the  eub- 
f  perfect  gases  we  liave 

\d  jl  T  V 

'd_p,\    ^  ^j.  ^   -ff, 

id  tJ        t,        V, ' 

ibove  and  integrating,  we  liave 

=  £1),, 

=  A,a  constant;  (1^7) 

M«  prf»8ure8,  or  of  tfie  volumes,  at  the 
'lere  the  successive  isothermals  cut  tJte 
C  must  he  conetant.' 


CHAPTER  IV. 

HEAT   ENOISEB — OENEBAL   PRINCIPLES. 

103.  Efficiency. — Heat  engines,  in  practice,  work  in 
cycles,  and  when  running  under  uniform  conditions,  the  suc- 
cessive cycles  will  be  identical,  in  which  case  the  total  effect 
will  be  that  produced  in  one  cycle  multiplied  by  the  num- 
her  of  cycles.  It  is,  therefore,  important  to  investigate  the 
properties  of  one  cycle. 

Ths  efficiency  of  a  plant  is  the  ratio  of  the  work  which 
tiie  plant  can  produce  to  that  of  the  energy  supplied.  Thus, 
if  the  plant  consist  of  a  furnace  and  engine,  it  is  the  ratio 
of  the  work  it  can  do  to  the  theoretical  energy  of  the  fuel 
supplied  to  the  furnace. 

The  ejjieiency  of  an  engine  is  the  ratio  of  the  work  it 
can  do  to  the  energy  of  the  heat  absorbed. 

In  case  of  an  hydraulic  machine,  it  is  the  ratio  of  the  work 
it  can  do  to  the  theoretical  energy  of  the  waterfall. 

The  measure  of  the  eiHciency  does  not  involve  the  mag- 
nitude of  the  machine,  and,  hence,  is  only  an  incidental 
element  in  proportioning  the  en^ne.  If  one  pound  of  air 
when  worked  in  a  cycle  will  produce  a  given  amount  of 
work,  two  pounds  will  produce  twice  as  much  when  worked 
in  a  similar  cycle.  The  proportions  of  an  engine  having  a 
given  efficiency  depend  upon  the  amount  of  work  to  be 
done  in  one  cycle. 

104.  Perfect  elementary  heat  engine. — An 
engine  receiving  all  its  heat  at  one  temperature  and  rejecting 
heat  at  one  lower  temperature,  must  pass  through  its  series 
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A, 


of  changes  of  pressure  and  volume  according  to  Camot's 
cycle.  Such  an  engine  is  reversible.  No  such  engine  can 
be  constructed  or  operated,  but  as  it  would  give  tlie  high- 
est theoretical  efficiency  of  any  engine 
working  between  the  temperatures  of 
the  source  and  refrigerator,  it  serves  as 
a  theoretical  standard  of  comparison, 
and  is  referred  to  as  a  Perfect  Ele- 
nientary  Heat  Engine. 

Let  A^  A^  B^  J?„  Fig.  45,  represent 
a  Camot's  cycle,  according  to  which  the 
engine  receives  all  its  heat  at  the 
temperature  t^,  being  the  temperature  of  the  isothermal 
A^  A^ ;  and  rejects  heat  only  at  the  temperature  r,,  being 
the  temperature  of  the  isothennal  B,  J?,.  Then  will  the 
heat  absorbed  in  expanding  from  state  ^,  to  ^,  at  the  con- 
stant temperature  r,  be,  according  to  equation  (^4),,  page  48, 
since  d  r  will  be  zero, 


V.  v^    I/,  1/4 

FIG.   45. 


//.  =  0  + 


•.r-0"». 


and  the  heat  absorbed  along  the  adiabatic  A^  B^  will  he 
and  the  heat  rejected  along  the  isothermal  B^  -ff„ 
and  along  the  adiabatic  J?,  ^„ 

and  the  sum  of  these  will  give  the  heat  transmuted  intr>  ex- 
ternal work,  since  the  cycle  is  complete  ;  hence, 
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7/.-//.=(r,-o  rs^)<'«- 


(168) 


The  efficiency,  according  to  the  preceding  article,  will  be 

F  —  ^  ~~  ^^  —  IiJI_r«  —       ^1  "~  ^»  (159) 

H,       "       r,    "  ~  j;  +  4t)U.t)6'        ^      ^ 

Since  equations  (^1)  are  general,  and  applicable  to  all 
substances,  the  result  must  be  equally  general ;  hence,  the 
efficiency  of  the  perfect  elernentary  engine  depends  only 
upon  tlie  highest  and  lowest  temperatures  between  which 
it  is  worked^  and  is  independent  of  the  nature  of  the 
working  substance. 

If  iron,  or  any  other  solid,  could  be  worked  between  the 
temperatures  r,  and  r„  according  to  Carnot's  cycle,  it  would 
be  just  as  efficient  as  if  the  substance  were  the  most  perfect 
gas.  The  range  of  volumes  through  which  solids  expand 
and  contract  is  small,  so  that  the  work  done  in  a  cycle 
would  be  comparatively  small,  and  the  changes  of  temper- 
ature are  so  slow  as  to  preclude  the  use  of  such  substances 
in  the  construction  of  heat  engines.  But  this  fact  does  not 
affect  the  efficiency  of  the  cycle. 

The  highest  temperature  at  which  the  engine  works  can- 
not exceed  that  of  the  source,  for  it  is  an  axiom  that  heat 
cannot  of  itself  flow  from  a  hot  body  to  one  stiU  hotter^ 
a  principle  stated  by  Clausius  {Theory  of  Heat^  p.  78). 

Neither  can  it  be  worked  at  a  lower  temperature  than 
that  of  the  refrigerator,  for  it  is  held  as  an  axiom  that  a 
heat  engine  cannot  be  worked  at  a  lower  temperature  tha^i 
that  of  the  coldest  of  surrounding  bodies^  a  principle  stated 
by  Thomson  {Math,  and  Phys.  Papers^  p.  181).  These 
axioms  are  the  same  in  substance,  and  originally  were 
stated  independently  by  the  respective  authors. 

If  any  of  the  heat  absorbed  is  at  a  lower  temperature 
than  r„  while  all  is  rejected  at  r„  the  efficiency  will  be  less 
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than  if  it  were  all  absorbed  at  the  higher  temperature.  To 
show  this,  let  r,  be  the  constant  temperature  of  the  second 
source,  then  we  would  have 


and  the  efficiency  w5uld  be 

ff,  +  II,  -  ir, 

JI,  +  7/.     ' 

which  is  less  than  the  value  of  equation  (159)  so  long  as 

//,  is  less  than  If^.      A  reversible  engine  has  the  highest 

efficiency  for  the  heat  utilized,  and  tlie 
perfect  elementary  heat  engine  has  the 
highest  efficiency  of  any  engine  work- 
ing between  the  same  limits  of  temper- 
ature. 

The  principle  of  efficiency  is  applied 

in  the  same  manner,  whatever  be  the 

J.JQ  4Q  path  of  the  fluid.    Thus,  if  the  cycle  be 

Aa  B  dA,  Fig.  46,  ^  JT  and  ^  N 

adiabatics  indefinitely  extended,  then,  according  to  Article 

34,  we  have 

H,  =  MAaBN", 

11^  =  MAdBN ; 

^__  MAaBX--  MAdBN _  AaBdA  _  B,- H,  ,      . 
'  MA^~y  MAaBN         JI^'  ^^^^'^ 

If  the  indicator  card  of  the  steam-engine  were  A  B  CD^ 
Fig.  47,  in  which  A  B  is  the  steam  line  of  constant  tem- 
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perature,  r„  B  C  the  expansion  line  of  no  transmission  of 
lieat  extended  until  the  pressure  falls  to  that  of  the  back 
pressure,  C  J  the  back  pressure  line 
of  constant  temperature,  t„  and  J  A  the 
compression  line  of  no  transmission  of 
heat  being  made  to  pass  through  the  ini- 
tial state,  A^  then  will  the  efficiency  be 

IlUJj  =  ^'i  "~  ^« 

,     ,  ^»  ^*  FIG.  47. 

as  before. 

In  Fig.  45  a  constant  quantity  of  air  is  supposed  to  remain 
in  tlie  cylinder  of  the  engine  during  the  changes  forming  the 
cycle,  but  in  the  steam-etigine  the  heat  is  carried  into  the  cylin- 
der with  the  steam,  so  that  the  mass  of  steam  increases  with 
the  stroke  from  A  to  £^  Fig.  47 ;  from  B  to  C  the  mass  re- 
mains constant ;  at  Cthe  exhaust  is  open,  communicating  with 
the  refrigerator,  and  remains  open  until  the  piston  reaches «/, 
at  which  point  the  exhaust  is  closed,  and  the  mass  of  steam 
reipaining  in  the  cylinder  at «/ remains  constant  throughout 
the  compression  J  A,  At  the  completion  of  the  cycle  the  fluid 
in  the  cylinder  at  the  state  A  will  have  the  initial  pressure 
and  volume,  but  since  the  changes  of  state  are  not  effected 
with  a  constant  mass  of  fluid  the  operation  will  not  be  that 
of  a  Carnot's  cycle,  and  the  above  expression  for  efficiency 
will  not  be  applicable. 

The  only  theoretical  mode  of  improving  the  efficiency 
of  the  elementary  engine  is  to  increase  the  range  of  tem- 
peratures between  which  it  is  worked. 

It  does  not  follow  from  this  principle  that  different 
substances  worked  between  the  same  limits  of  pressure 
will  be  equally  efficient,  for  pressures  are  not  proportional 
to  the  absolute  temperatures,  except  for  tlie  sensibly  per- 
fect gases.  If,,  however,  the  operation  be  in  a  Camot^s 
cycle,  the  temperatures  corresponding  to  the  pressures 
being  found,  equation  (150)  will  be  applicable. 
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It  mi^ht  be  orged  that  some  work  would  be  expended 
in  forcing  the  laans  of  eteani  into  and  out  of  tlie  cylinder, 
thereby  producing  less  external  work  tiian  the  same  licat 
would  do  in  case  the  changes  were  produced  with  a  con- 
stant mass  of  fluid  in  the  engine.  lu  regard  to  this  point, 
it  is  sufficient  to  observe  tliat,  if  t}ie  argument  be  valid, 
the  energy  so  abBor]>ed  is  too  insignificant  compared  with 
tlie  heat  energy  of  the  fluid,  to  be  considered. 

Actnal  engines  do  not  produce  the  indicator  diagrams 
here  assnmed,  and,  lience,  must  be  made  the  subject  of 
special  investigation. 


1.  In  an  ideal  elfnen^ry  engine  working  one  pound  of 
air,  if  the  lowest  pressure  l>e  tliat  of  one  atmosphere, 
9116.2  llffi.  per  square  foot  at  £„  Fig.  45,  the  absolute 
temperature  of  the  refrigerator  r,  =  550"  (T,  =  83.34°  F.), 
that  of  the  source  T,  =  950°  (7",  =  489.34°  F.),  and  the 
volume  swept  through  by  the  piston  during  each  single 
stroke  12  cubic  feet;  find  the  greatest  and  least  volumes  of 
the  air  in  tlie  cylinder,  the  power  developed  in  one  end  of 
the  cylinder  during  one  cycle — or  double  stroke  of  the 
piston — the  heat  absorbed,  and  the  efficiency. 

To  find  the  largest  volume,  ii,,  we  have,  equation  (3), 
^  _  M.2U,  ^  5^^X  55a  J,  ^3  ^^^  f^ 
'  ~       j>,  2il«.2 

To  find  p,  and  v„  the  adiabatic  A,  7?,,  equation  (41), 
gives 

_y 

y  -  i  8.468 

■/'•=■?*•  (f)  =  2116.2  (J-^)         =14045  lbs. 

^  )  -  r  2.463 

V,  -  i\  (pj  =  13.83  (iy         =  3.60  cu.  ft 
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To  find  the  least  volume,  i;„  the  problem  gives ' 

v^  —  t?,  =  12 ; 
.'.v,  =  13.83  —  12  =  1.83  cu.  ft. 

> 

And  the  isothermal  A^  A^  gives,  equation  (3), 

p,  V,  =  53.21  X  950  =  50550  ft.-lbs. 
.'  .p^  =  27630  lbs.  per  sq.  ft. 
=  191.9  lbs.  per  sq.  in. 


Similarly, 


J^  =  ^^^  =  !!.=,  1.97; 

D.         V.         ©.  V, 


p< 


.•.^,  =  4162  lbs. 

^^  =  7.03  cu.  ft. 
The  heat  absorbed  will  be,  equation  (36), 

p,  V,  log  -'  =  34207  ft-lbs. 
The  heat  rejected  will  be 

j^  X  34207  =  19804  ft.-lbs. ; 

and,  hence,  the  work  done  in  one  cycle  will  be 
34208  —  19804  =  14404  foot-pounds, 

independent  of  the  time. 
The  efficiency  will  be 

14404  __ 
34208  "•  ^•^^' 

according  to  which  more  than  half  the  energy  of  the  heat 
is  rejected  by  the  engine.  The  ratio  of  the  greatest  to 
the  least  volumes  is 

^*  =  7i,  nearly, 
and  of  pressures. 


V, 


-?-!  =  13. 


■  I 
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2.  In  the  preceding  exercise,  wh 
the  piston  in  order  to  operate  one 

the   limits   asGigned,  the  stroke    of  _ 

feet. 

3.  In  Exercise  1,  if  the  engine  make  20  revolntlone  per 
minute,  what  will  be  the  horse-power  developed  on  one  side 
of  the  piston  ? 

4.  If,  in  Exercise  I,  two  pounds  of  air  had  been  used, 
and  the  lowest  pressure  that  of  one  atmosphere,  the  tem- 
peratures being  the  same  as  those  given  in  the  exercise, 
what  would  have  been  the  great«st  and  least  volumes  of  air, 
the  volume  swept  through  by  the  pisU>n  being  24  en.  ft.  I 
Would  the  efficiency  be  the  same  i  Would  the  work  have 
been  the  same  for  the  same  volume  swept  through  by  the 
piston  ? 

5.  If  in  an  elementary  air  engine  tlie  highest  pressure  be 
150  pounds  per  square  inch,  the  highest  temperature  450°  F., 
the  lowest  pressure  14.7  pounds  per  square  inch,  and  lowest 
temperature  60°  F.,  what  will  be  the  volume  swept  tlirough 
by  tiie  piston  per  pound  per  stroke  % 

105.  Regenerators  condst  of  a  chamber  well  filled 
with  thin  plates  of  metal  so  arranged  as  to  present  a  large 
surface  to  the  fluid  and  offer  as  little  resistance  to  its 
passage  as  possible.  The  fluid,  after  escaping  from  the 
engine  by  passing  through  this  chamber  to  the  refrigerator, 
gives  up  a  portion  of  its  heat  to  the  metal  plates,  the  re- 
frigerator finally  absorbing  the  heat  which  is  permanently 
rejected  ;  after  which,  by  passing  back  through  the  chamber 
and  being  at  a  lower  temperature  than  during  its  former 
passage,  it  absorbs  heat  from  the  plates,  thus  requiring  a  less 
amount  from  the  source  in  order  to  raise  it  to  the  required 
temperature.  During  the  flow  of  the  air  from  tlie  cylinder 
the  plates  act  as  a  refrigerator,  by  al>stracting  beat  from  the 
gas ;  but  during  the  return  of  the  gas  they  act  in  the  oppo 
site  sense,  and  hence  become  regenerators. 


EOBNERATORS. 


167 


changed  hy  inseiifiible  degrees  in  the 
icy  wonld  be  unaffected,  but  such  not 
rase  a  loss  of  5  or  10  per  cent,  even 
d.  Their  great  advantage  consiete  in 
he  cylinder,  as  will  appear  in  the  fol- 

absorbed  at  one  temperatnre  and  re- 
in the  preceding  ease,  bnt  that  the 
om   one  JBothermal 

at  constant  volume 
ODgh  a  regenerator, 
ieatar  diagram  will 
;.  48.  If  T,  be  the 
rthennal  £  C,  r,  of 
leat  at  constant  vol- 

in  passing  from  A  '''<'■  *■ 

aon  were  reversible,  would  be,  equa- 


'.)  +  B'. 


■«(',-',) 


Jv.         "  ' 

r.r"-; 

Jv,       V 


U{si»y), 


il  energy  expended.  But  in  tleter- 
the  losa  of  heat  in  passing  to  and 

erator  muBt  be  added  to  //, ;  since 

nust  be  drawn  from  the  source  and 
the  precedmg  value  of  H,,  and,  rep- 

cpreesion 

"ft  (••,  -  'O, 
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in  which  n  is  a  fraction,  C^  =  0.169  X  778  =  131,  we  have 
for 

ill  which  n  will  be  ^V?  ^^  tV?  ^^  whatever  fraction  repre- 
sents the  heat  lost  by  the  regenerator. 

EXERCISE. 

In  an  air  engine  with  a  regenerator  producing  changes  at 
constant  volume,  let  ^,,  'W, ;  J9„  v, ;  r„  r„  be  the  same  as  in 
the  first  of  the  preceding  exercises ;  determine  tlie  ratio  of 
the  pressures  and  volumes. 

Considering  the  engine  as  perfect,  the  work  done  will 
be  the  same  as  in  Exercise  1,  page  164,  for  the  expansion 
during  the  absorption  of  heat  must  be  the  same. 

We  will  have, 

^,  =  27630,  ^,  =  14045; 

V,  =  1.83  =  v,,  v^  =  3.6.  =  V,,  Fig.  48 ; 
then 

i>4  -Pt  7  =  |-^  X  14045  =  8132  lbs., 
».  =  i?,  -  =  ?1  X  27630  =  15996  lbs. ; 
.  • .  ^^  =  1.97, 

^»  =  3.40. 

Comparing  these  results  with  the  exercise  referred  to, 
it  appears  that  the  greatest  volume  in  that  case  was  nearly 
4  times  the  greatest  volume  in  this ;  hence,  the  volume  of 
the  cylinder  with  the  regenerator,  under  the  conditions 
imposed,  need  be  only  about  one-fourth  as  large  as  without 
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106.  Air  engfines  liave  been  made  in  ^ 
changes  of  temperature  Lave  been  effected  at  n 
stant  preestire,  and  others  in  which  the  change  t 
at  nearly  conetant  volume.  These  conditions  requ 
forms  of  mechanism,  which  will  be  considered  fi 
but  the  work  performed  in  a  cycle  may  be  comp 
the  indicator  card,  as  in  Articles  104  and  105. 

107*  Heat  engines*  whether  of  air,  or 
other  vapor,  are  assumed  to  transform  a  certain  ; 
heat  energy  into  work  independent  of  the  mecl 
Tolved.  That  is,  aside  from  the  friction  of  t 
wastes  dne  to  leaks  and  clearance,  it  is  inimaterii 
the  engine  be  single-acting,  donble-aetiug,  reciprc 
ciilating,  rotary,  disk,  tnmk,  compound,  or  any  ot 
many  forms  of  engines  used ;  the  work  done  will  \n 
in  all  the  engines  by  the  same  fluid  worked  be 
same  limits  of  temperature. 

Therefore,  considering  the  engine  as  a  heat  en 
we  have  only  to  consider  the  thermal  changes  pi 
the  working  fluid  during  a  complete  cycle,  involvir 
peratnre  of  the  feed  water,  and  the  initial  and 
peratures  in  the  cylinder.  But  a&a piece  of  mech, 
several  forms  have  their  mechanical  advantages,  v 
be  considered  in  the  light  of  practical  mechanism 
details  of  the  engine,  such  as  the  valve  mechanis] 
of  the  bearings,  the  strength  of  the  parts,  compac 
belong  to  constructive  mechanism,  and  are  trei 
works  which  consider  these  engines  as  machines. 

In  order  to  analyze  a  heat  engine  it  is  necessat 
the  law  according  to  which  it  receives  and  rejects 
since,  in  actual  engines,  all  these  laws  are  not  ] 
sumptions  in  regard  to  them  are  made  which  an 
to  be  approximately  correct. 

108.  Steam-engine. — Steam  in  the  cylic 
under  such  a  variety  of  conditions  that  a  comple 
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requires  the  consideration  of  several  hypotheses.  Thus, 
steam  may  be  superheated,  in  which  case  it  will  expand, 
approximately,  like  a  perfect  gas :  or  it  may  be  saturated, 
in  which  case,  by  expanding  without  transmission  of  heat,  it 
may  remain  constantly  at  the  point  of  saturation  ;  or  by  means 
of  a  steam  jacket,  the  steam,  by  being  constantly  supplied 
with  heat,  may  be  considered  as  dry  saturated  steam.  The 
curve  of  expansion  may  be  too  complex  to  be  analyzed 
with  great  exactness.  When  steam  enters  the  cylinder  it  may, 
and  generally  will,  be  hotter  than  the  walls  of  the  cylinder, 
and  give  up  heat  to  the  walls,  thus  reducing  the  pressure, 
even  if  it  does  not  actually  condense  any  of  the  steam  ;  and 
as  the  steam  becomes  cooler  by  expansion,  the  walls  of  the 
cylinder  will  give  up  heat  to  the  steam,  thus  raising  its 
pressure  at  the  latter  part  of  the  stroke.  The  water  in  the 
cylinder,  if  any,  may  also  be  re-evaporated.  In  either  case 
the  restored  heat  taking  place  near  the  end  of  the  stroke 
does  not  compensate  for  the  loss  at  the  beginning,  for  the 
former  can  act  through  only  a  small  part  of  the  stroke,  and 
as  soon  as  the  exhaust  opens  the  restored  heat  escapes  with 
the, steam  and  is  lost.  Water  in  the  cylinder  may  result 
from  condensation  of  the  saturated  steam,  as  shown  in 
Article  99,  or  it  may  be  carried  over  from  the  boiler  with 
the  steam  in  the  form  of  very  small  drops,  as  a  spray.  If 
the  cylinder  be  jacketed  the  walls  will  be  kept  at  a  more 
nearly  uniform  temperature,  and  thus  condensation  in  the 
cylinder  be  prevented,  which  is  a  great  gain  in  the  working 
of  the  engine.  Condensation  in  the  steam  jacket  does  not 
affect  the  working  of  the  engine.  The  refinements  result- 
ing from  these  numerous  conditions  are  beyond  the  reach  of 
analysis,  because  the  laws  governing  their  actions  are  un- 
kno^vn.  This  fact,  however,  is  not  seriously  prejudicial  to 
analysis,  for  the  hypotheses  assumed  agree  so  nearly  witli 
actual  cases  as  to  give  results,  not  only  approximately  coi^ 
reet,   but   so  nearly  correct  as  to  be  reliable  in  ordinary 
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practice.  If,  however,  it  becomes  necessary  to  inveetigat« 
these  refinements,  or  soKsalled  exceptional  conditions,  the 
problem  of  the  steam-engine  in  this  respect  ceases  to  be 
analyUcid,  and  is  essentially  empirical.  It  most  not  be  in- 
ferred that  theory,  even  in  this  case,  is  nseless,  or  is  to  he 
ignored,  for  it  is  only  by  theory  that  exceptions  are  known. 
Theory  gives  the  first  grand  approximation  to  the  tmtli, 
when,  by  comparing  the  results  with  actual  caaes,  tlie  de- 
fects In  the  theory  become  known,  and  thas,  in  turn,  fnmish 
the  means  of  correcting  or  amending  the  original  theory  ; 
after  which  a  second  and  nearer  approximation  may  be  made, 
and  so  on,  bringing  the  results  of  theory  and  of  practice  more 
nearly  to  an  agreement.  A  consideration  of  these  many 
conditions  demands  a  special  treatise ;  we  will  consider  only 
a  few  special  cases. 

109.  Ideal  steam  dtagram.—Let  ABCEF  be 
an  idetd  diagram  of  a  steam-engine,  A  B 
being  the  steam  line  at  constant  tem- 
perature and  pressure,  BC  the  expan- 
sion line,  C  ^the  fall  in  pressure  at  the 
end  of  the  stroke,  due  to  tlie  sudden 
opening  of  the  exhaust  passa^,  E  Fiha 
back  pressure  line,  0  H  the  line  of  ab- 
solute zero  of  pressures ;  then  OA  =  GB  "*'■  ■*8- 
will  be  the  total  forward  pressure  up 
to  the  point  of  cut-off,   G  H  the  forward   pressure  at  the 
end  of  the  stroke,  H  E  =  0  F  the  back  pressure. 

The  admission  line  AB  \b  a.n  isothennal  of  constant 
pressure,  .and  in  tliis  respect  resembles  the  case  described 
in  Articles  74  and  77,  in  which  a  liquid  was  evaporated 
under  constant  pressure  at  a  constant  temperature.  In  that 
ease  more  and  more  liquid  was  evaporated,  producing  more 
and  more  steam,  as  the  volume  increased,  while  here  more 
and  more  steam  enters  from  the  source  as  the  volume  in- 
creases.    "Wo  might  proceed,  as  with  tlie  perfect  engine,  to 
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find  the  heat  absorbed  and  rejected  throughout  tlie  cycle, 
and  take  the  sum  ;  but  it  is  customary  to  find  the  results 
directly  in  terms  of  pressure  and  volume. 

The  ideal  diagram  is  one  freed  from  all  irregular  and  dis- 
turbing causes,  such  as  late  opening  for  admission,  initial 
expansion,  wire  drawing  at  the  point  of  cut-off,  slow  closing 
of  the  port,  irregularities  in  the  expansion  line  B  (7,  too 
early  opening  of  the  exhaust  near  C,  a  want  of  sufficient 
opening  at  E^  and  of  compression  near  F ;  but  such  a  dia- 
gram represents  the  greater  part  of  the  work  done,  and  by 
applying  theory  to  it  a  result  approximately  correct  will  be 
obtained. 

1 10.  Isothermal  expansion. — Assume  that  the 
steam  is  superheated  and  the  cylinder  steam  jacketed,  then 
will  the  expansion  line  be  nearly  isothermal.  Assume  it  to 
be  exactly  so,  and  let 

p^  =  O  A  =i  G  By  Fig.  49,  be  the  initial  pressure, 

p^=i  II  Cj  the  terminal  pressure, 

p^=z  II E^  the  back  pressure, 

.p  =  any  ordinate  to  B  C, 

-i?,  =r  O  G^  =  the  volume  occupied  by  one  pound  of 
steam  in  the  cylinder  up  to  the  point  of  cutoff, 

V,  =  6?  ^,  the  volume  of  one  pound  at  full  stroke, 

r   =  'y,  -4-  Vj  =  ratio  of  expansion, 

V   =  any  volume  between  G  and  H^ 

p^  =  the  mean  ahsohite  pressure,  being  such  an  ideal 
pressure  as  would  if  exerted  throughout  the 
stroke  produce  the  same  work  as  that  of  the 
variable  pressures, 

p^  =  the  mean  effective  pressure. 
The  equation  oi  B  G  will  be,  page  103, 

pv=p,v,=^p,v,'^'  =  83.37  r„       (162) 
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siresi  GB  03=   /       pdv  =p,v,l()g,  Lh       (163) 
and 

l^fiO* 

Pn,V,=:    OAB  C  n\ 

.•.j9„=f*(l  +  %e^);  (164) 


i?m  _   1  +  %e   ^ 


(165) 


P.=Pm-Pv  (166) 

The  effectvoe  energy  exerted  by  one   pound  of   steam 
against  the  piston 

=  AB  CEFA  =  rr={p^-  p,)  V,.      (167) 

To  find  the  heat  expended  per  pound  of  Bteara^  let 

H  =  the  heat  expended, 

JTj  =:  the  total  heat  of    the    superheated   steam   per 
pound,  equation  (99), 

T^  =  the  temperature  of  the  steam   admitted  to  the 
cyUnder, 

T^  =  the  temperature  of  the  feed  water, 
E^  =  the  heat  in  the  feed  water,  per  pound,  between 
32°  F.  and  T,, 

I  =  the  latent  heat  of  expaneionj  which  equals  the 
work  done  during  the  isothermal  expansion, 
equation  (163),  which  heat  must  be  supplied 
from  the  steam  jacket. 

The  heat  expended  will  be  that  above  the  temperature  of 
the  feed  water,  which  is  carried  into  the  cylinder  up  to  the 
point  of  cutoff,  plus  the  latent  heat  of  expansion  ;  or 

H  =  ^,  -  ^,  +  Z.  (168) 
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Equation  (99)  may  be  put  under  the  forms : — 

H,  =  778  [1091.7  +  0.48  (T.  -  32)]. 
=  778  [855.23  +  0.48  r,], 

=  665369  4-  373  r.,  (169) 

=  665369  +  4J^,  v„  nearly,  by  means  of  Eq.  (162), 
=  665369  +  \\p,  t)„  nearly,  (170) 

H,  =  J  (T;  -  32), 
=  778  (T;  -  32), 
and,  (163), 

l  —  p,v,  log,  ^  =  i>,  V.  (r  ^  —  1  j  ; 

.  • .  H  =  665369  -f  ^,  v,  (z\  +  ^)  -  778  {T,  -  32).  (171) 


EXERCISE. 

1.  Let^,  =  100  X  144  =  14400  lbs. ;  T,  =  450° ;  r  =  10 ; 
/),  =  2i  X  144  =  360  lbs. ;  T,  =  110°. 
Find 

T,  =  910.66° , 

p,  V,  =  75922 ; 

V,  =  5.27 ; 

rv,  =  52.7; 

i>„  =  4756 ; 

p,  =  4396 ; 

U =  231757 ; 

which  is  the  effective  work   done  by  one  pound  of  the 
8team  against  the  piston  ;  then,  (171), 

H  =  1125954  ft.-lb8., 

which  is  the  heat  expended  per  pound  of  steam  in  the 
cylinder. 
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Press^ire  equivalent  to  thai  heai, — 

»h  =  5  =  21364  lbs., 

which  is  Buch  an  ideal  pressure  that  if  it  worked  against  the 
piston  while  it  swept  through  the  same  volume  as  when 
driven  by  the  one  pound  of  steam,  it  would  do  an  amount 
of  work  equal  to  the  entire  energy  of  the  heat  expended. 
Efficiency  of  the  steam — 

U  -P-  -  j>.  _  231517  _  4756  -  360  _ 

H J^  -  11 13350  -      21264"  "  ^'^^-    ^^^^"^ 

111*  Adiabatic  expansion  of  saturated  steam.. 
First,  assume  the  approximate  law 

jp  V     =^jV,    =  constant.  (172) 

The  work  during  expansion  will  be,  Fig.  49, 

OB  CB  =  fj'pdv=p,  i;.  (9  -  9  r'i\      (173) 

and  the  total  work  per  pound, 

OABCJI=p,v,  (10-  9r-jV 

ft 

Terminal  pre«8ure,  equation  (172) — 


r  ' 
Mecm  total  J'orward  j/resaure — 

O  A  B  c  n 


(174) 


i'ra  = 


=.'.p^y•  ("^) 


Mean  effective  pressure — 

/lO      9    \ 
/>e  =  i>m  -  i>.  =  1\  \-  -  -^  j  -i?..       (176) 

Work  done  per  pound  of  steam — 

^  =i>en=i>i^,(l0-9;'"i  j  -y^v^   (177) 
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Work  done  per  oubio  foot  of  steam  admitted — 

^  / 

~  =  rp^  =zj>,  \10  -  9  r--j  -  r^,.    (178) 

ffeat  eaypended  per  pound  of  steam  admitted — 
This  will  be  the  heat  supplied  to  the  water  per  pound 
above  the  temperature  of  the  feed  water  ^Zt^*  the  latent  heat 
of  evaporation,  and   is  given  by  equation  (93),  which  in 
the  present  notation  becomes 

.H  =  ^(r.-r.) +  //... 
Eq.(78),         =n8(r,-r.)+867003-544.6r,.  (179) 

Heat  expended  per  cvMc  foot  of  steam  admitted — 

-  =  778  w,  {T,  -  T,)  +  L,  (Art.  78).        (180) 
Efficiency  of  the  steam — 

^  (181) 

EXERCISE. 

Let  p,  =  14400  lbs. ;  r  =  10  ;i?,  =  360  lbs. ;  feed  water, 
110°  F.,  as  in  the  preceding  exercise. 
Then,  omitting  fractions  of  temperature  after  r„ 

r„  equation    (80),  =  788.26°,  usingjt?,;  .-.  T,  =  327.60°. 


i'« 

a 

(174),  =  1115  lbs. 

T« 

Ci 

(80),  =  640°,  using ^, ;     .-.  T,  -  180". 

r., 

U 

(80),  =  590°,     "     j>, ;     .-.  T,  =  134°. 

T. 

=  110°. 

»., 

u 

(89),  =  4.36  cu.  ft. 

v„ 

a 

.    (86),  =  4.37    "    « 

v„ 

a 

(172),  =  43.7,  or  10  v,. 

Pm 

u 

(175),  =  4363  Ihs.  per  sq.  ft. 

^« 

u 

(176),  =  4003   "      "     "     « 

CK 

(4 

(177),  =  174931  ft.-lbs. 

H, 

(( 

(179),  =  857706  "    « 
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Efficiency — 

g  =  0.204.  (181a) 

112.  Adiabatic  expansion  of  saturated  steam 

accordinff  to  the  theoretical  law.  In  this  case  the  steam  is 
assmned  to  be  constantly  saturated,  and  the  equation  of  the 
curve  of  expansion  is  given  by  equation  (150),  from  which 
we  find,  referring  to  Fig,  49  and  Eq.  (86), 

ABCD=   C^'  udp=    r^i^Jloff.^  ^^\dT 

=  «/  [r,  -  r,  (l  +  log,  y  ]  +  ^^  iT.,  (182) 
For  the  work^^  po^tnd  of  steam  working  full  cycle, 
U=AB  CEF=  J'[r.  -  r.  (l  +  hg,  ^|)]  _f. 

^^'  i7„  +  {p,  -  j>.)  «,.  (183) 

I 

The  heat  expended  per  pound  of  steam  admitted  to  the 
cylinder  will  be  the  same  as  in  the  preceding  Article,  or 

H  =  J  (r.  -  ro  +  ^...  (184) 

Ths  effi/siency  will  be 

g-  (185) 

[Messrs.  Qantt  and  Maury  determined  the  Efficiency  of  Fluid  Vapor 
Efiffines  according  to  this  hypothesis — using  these  equations— for  Water, 
Alcohol,  Ether,  Bisulphide  of  Carbon  and  Chloroform  (Thesis,  Bte- 
vens  Institute  of  Technology,  1884 ;  Van  Nostrand^s  Engineering  Mag» 
azine,  1884  (2),  pp.  4ia-432)]. 

EXERCISE. 

Let  j9,  =  14400  lbs. ;  p,  =  360  lbs. ;  T,  =  110^  F.,  as  in 
the  preceding  exercise,  and  p^  =  1115  lbs.,  as  found  in  that 
exercise. 
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If  the  ratio  of  expansion  were  given,  p,  could  be  found 
only  by  a  tedious  approximation ;  therefore,  we  have  as- 
signed the  final  pressure. 

We  have, 

T.  =  788.26° ;  .  • .  r,  =  327.66^  as  before. 


r,  =  180°,  " 
T,  =  134°,  « 
T,  =  110°,      " 


a 
a 

u  .4 


T.  =  640° 

r,  =  590° 

T,  =  570° 

p,  =  14400  lbs. 

^.  =  1115  lbs. 

V,  =  4.375  cu,  ft. 

V.  =  — ^—  ~  48.40,  Eq.  (86), 

r   =  -!!L^f  778  log,  I»  +  ^)  =  9.65,  Eq.  (152), 

u,  =  5^'  (778  %e  ^  +  ^'^),  Eq.  (150), 

=  r  V,  =  41.76, 
t>,  —  -w,  =  6.64. 

C^  =  171507  ft-lbs.,  Eq.  (183). 

The  preceding  exercise  gives, 

H  =  857706  ft.-lbs. 

Efficiency  of  fluid — 

U  ^  171507  ^  ^2^^ 

H        857706  ^      ^ 

Steam  condensed  due  to  expansion  only— 

*  =  0.137, 

or  nearly  14  per  cent. 
Mea/n  effectme  pressure — 


[113.]  EXPANSION   OF  SATURATED   STEAM.  179 

Mea/n,  total  forward  pressure — 

j>^  =  4170  +  360  =  4530  lbs. 

It  will  be  seen  that  there  is  little  or  no  advantage  in  using 
the  exact,  but  more  complex,  formulas  of  this  Article  over 
the  approximate  ones  of  the  preceding  Article. 

The  efficiencies  found  in  the  three  preceding  cases  are  : — 

For  superheated  steam,  expanding  iaothermally  (171a)    0.207 

For  saturated  steam,  expanding   adiabatically,    approximate  law 

(181a)  0.204 
theoretical    law 

(lS5a)  0.200 

The  effect  on  the  efficiency  by  superheating  is  too  small 
to  be  of  practical  importance.  As  this  fact  appears  to 
be  contrary  to  the  popular  opinion,  it  is  well  to  observe 
that  the  superheated  steam  in  Article  109  is  not  used  in  the 
most  economical  manner ;  for  a  much  larger  amount  of  heat 
is  thrown  away  at  the  end  of  the  stroke  than  in  tlie  example 
of  saturated  steam,  so  that  if  it  were  utilized  in  heating 
feed  water,  or  worked  in  another  engine,  or  used  for  any 
other  useful  purpose,  the  efficiency  of  the  plant  would  be  in- 
creased. Or  if  it  had  been  expanded  down  to  tliat  of  the 
terminal  pressure  of  the  other  cases,  jk?,  =  1115  lbs.,  it 
would  have  shown  a  greater  efficiency ;  but  to  accomplish 
this  result  the  ratio  of  expansion  must  be  greater,  other 
data  being  the  same.  These  considerations  have  reference 
to  the  efficiency  of  the  fluid  only,  but  in  considering  the 
efficiency  of  the  plants  the  size  and  cost  of  the  engine  enter 
as  elements  of  the  problem.  Thus,  to  do  the  respective 
works,  231757  and  174931,  deduced  in  two  of  the  preceding 
exercises,  with  two  engines  making  the  same  number  of 
revolutions  in  the  same  time,  according  to  the  conditions 
assumed,  the  volume  of  the  cylinder  of  the  one  supplied 
with  superheated  steam  must  be  larger  than  that  supplied 
with  saturated  steam  in  the  ratio  of  the  volume  of  a  pound 
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of  superheated  steam  at  admission  to  that  per  pound  of  sat- 
urated steam,  or,  as 

^•2^         1  on 
4:375  =  ^-^^' 

but  the  ratio  of  the  works  done  •will  be 

231757  __ 
174931  ""  ^'^^' 

hence,  per  cubic  foot  of  the  cylinder  capacities  the  former 

engine  will  do 

1.32        ,,^.. 
— —  =  1.10  times 

the  work  of  the  latter. 

The  engine  using  isotherpial  expansion  and  doing  231757 
foot-pounds  of  work  per  pound  of  steam,  if  it  uses  the 
pound  per  minute,  will  do 

231757  _ 
33000  ~ 

horse-powers  per  pound  of  steam ;  and.  per  hour,  it  will 
require 

1980000 

per  horse-power.  The  engine  which  expands  adiabatically, 
doing  174931  foo^pounds  of  work,  would  require 

1980000       11  ,0  J 

-I7493T  =  ^^-^^  P*"'''^' 

per  horse-power  per  hour.  These  results  are  for  perfect  con- 
ditions, no  allowance  having  been  made  for  wastes,  clearance, 
or  initial  condensation  of  steam.  It  is  a  very  good  plant  that 
does  not  consume  more  than  seventeen  pounds  of  feed 
water  per  indicated  horse- power  per  hour,  although  re- 
liable records  of  some  good  tests  show  less  than  this  amount 
Some   multiple  expansion   engines  have  been   reported  as 
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consnming  about  thirteen  pounds,  as  determined  from  the 
indicator  card,  but  that  mode  of  determining  the  weight  of 
steam  does  not  allow  for  the  condensation  of  steam.  The 
only  reliable  way  is  to  weigh  the  water  used.  Thirty  to 
forty  pounds  is  more  common  in  practice. 

The  heat  of  combustion  of  a  pound  of  pure  carbon  is  14500 
B.T.U.,  and  if  it  could  all  be  utilized  for  the  purpose  it  would 
evaporate  14500  -7-  966  =  15  pounds  of  water  at  and  from 
212"^;  hence,  if  the  feed  water  be  at  110°  F.  and  boiling 
point  M  327°  F.,  as  in  the  two  preceding  exercises,  it  would, 
according  to  the  table  on  page  112,  evaporate  15  -=- 1.14  = 
13.15  pounds ;  and  to  develop  one  I.H.P.  per  hour  it  would 
require 

11.32  -f- 13.15  =  0.861  pounds 

of  coal.  This  does  not  allow  for  waste  in  producing  steam. 
If  the  efficiency  of  the  furnace  be  0.70,  it  would  require 
0.861  -f-  0.70  ==  1.31  pounds  of  coaL 

Case  of  no  expansion*  In  many  simple  direct-act- 
ing steam  pumps,  the  full  pressure  of  steam  is  maintained 
throughout  the  stroke.  For  this  case  r  =  1  in  equation 
(177),  and  the  indicated  work  will  be 

when  v^  is  the  volume  of  a  pound  of  the  vapor  at  the  pres- 
sure^,. The  work  done  during  the  forward  pressure  will 
be  the  external  work  performed  during  evaporation  at  the 
pressure^,,  and  is  sometimes  called  the  external  latent  heat  of 
vaporization.  That  part  of  the  apparent  latent  heat  which 
performs  disgregation  work  will  be  lost  at  the  exhaust. 

The  volume  of  the  cylinder,  the  piston  making  n  single 
strokes  per  minute  for  m  horse-powers,  will  be 

^       33000 i?,m        ..  /1QK  N 

V  =  ^ —  cu.  ft.  (185c) 

nU 
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But  the  size  of  the  cylinder  need  not  be  correspondingly 
increased,  for  the  condensed  steam  will  occupy  but  little 
volume. 

The  eflSciency  of  the  furnace,  boiler  and  connections  may 
be  taken  at  50  per  cent,  giving  for  the  entire  plant 

E'  =  0.0095, 

or  about  1  percent  of  the  theoretical  heat  of  the  fuel  burned 
in  the  furnace. 

It  has  been  found  by  actual  measurements  that  the  average 
duty  (or  the  work  which  100  pounds  of  coal  can  do)  in 
direct-acting  pumps  feeding  75  to  100  horse-power  boilers, 
with  coal  of  good  quality,  may,  in  the  absence  of  direct 
experiment,  be  taken  as  10000000  foot-pounds.  This  is 
100000  foot-pounds  per  pound  of  coal,  or  100000  -r-  778  = 
128.5  thermal  units,  which  is  about  -^-^  of  the  heat  of  com- 
bustion of  the  average  of  commerical  coal.  The  efficiency 
of  such  a  plant,  then,  is  actually  about  1  per  cent  of  the  heat 
in  coal  of  good  quality.  Such  a  plant  will  require  from 
9  to  15  pounds  of  coal  per  indicated  horse-power  per 
hour. 

2.  In  the  preceding  Exercise,  if  the  stroke  be  five  inches, 
what  will  be  the  diameter  of  the  cylinder  ? 

3.  If,  in  a  direct-acting  steam  pump,  the  gauge  pressure 
be  100  pounds,  back  pressure  16  pounds,  feed  water  90°  F., 
find  the  efficiency  of  the  fluid,  and  compare  the  result  ^A\\\ 
that  in  Exercise  1. 

4.  If,  in  Exercise  3,  the  gauge  pressure  be  40  pounds, 
required  the  efficiency  of  the  fluid, 

5.  Explain  the  several  causes  of  the  loss  of  the  99  per 
cent  (more  or  less)  of  the  heat  of  combustion  as  found  in 
tliese  Exercises.  What  effect  has  the  temperature  of  the 
feed  water  upon  the  efficiency  ? 
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Let  subscript ,  be  used  for  the  terminal  state  F^  then 

T  r  r  r 

The  difference  between  tlie  initial  and  tenninal  weights 
of  vapor  will  be 

ar.  -ar.  =  a,.  -  (c%.^  +  ^)  I^,  (,) 

and  this  may  be  negative,  zero,  or  positive.  We  will 
designate  those  vapors  whose  specific  heats  are  negative  as 
"  steam-like  vapors,"  and  those  which  are  positive  as  "  ether- 
like vapors,"  steam  and  ether  being  typical  of  their  respec- 
tive classes. 

If  the  fluid  be  water,  then  c  =  1,  and  let  ajj  =  0.436  at 
r  =  800''  F.  (absolute),  A.  =  1436.8  —  0.7  t.  Then  equa- 
tion (a)  gives 

for  T  =  900^,  X  =  0.404,  r  =  600,  x  =  0.450, 

r  =  800°,  X  =  0.436,  r  =  500,  x  =  0.436, 

r  ==  700^  X  =  0.450,  r  =  400,  x  =  0.407, 

r  =  650,  X  =  0.453,  r  =  200,  x  =  0.277  ; 

from  which  it  appears  that  steam  hicr eased  with  the  expan- 
sion as  the  temperature  fell  from  900°  to  650°,  or  from  340° 
to  190°  on  the  Fahrenheit  scale  ;  and  after  that  it  decreased 
continually  with  the  temj>erature.  This  change  of  the 
weight  of  steam  can  take  place  only  by  the  evaporation  of 
water  initially  in  the  presence  of  the  vapor,  and  by  condensa- 
tion later  in  the  expansion.  The  converse  is  also  true,  that 
if,  in  the  initial  state,  only  a  fraction  of  the  fluid  be  vapor, 
the  liquid  may  at  first  be  evaporated  by  adiabatic  compres- 
sion, but  it  may  reach  a  state  beyond  which  it  loiU  he  con- 
densed hf  adiahatic  compression.  Thus,  in  the  example 
above  given,  if  at  600°  F.  (absolute)  45  per  cent,  of  the  fluid 
be  vapor,  it  will  increase  to  45.3  per  cent.,  after  which  it 
will  condense  indefinitely  with  adiabatic  compression. 
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ration  here  given  is  not  exact,  nnd,  even  if  it  were,  Heg- 
naolt'B  experiinente  would  not  warrant  the  extenaion  to 
snch  high  teinpemtures,  we  will  discard  fractions,  and 
treat  the  entire  numlier,  1436,  as  if  it  were  exact.  Since 
the  adiabatic  law  is  not  applicable  above  thie  state,  the 
maximum  condensation  by  adiabatic  expansion  will  be 
found  by  beginning  at  this  Btate  and  expanding  down  to 
the  required  temperature.  In  equation  (c),  letting  x,  =  1, 
T,  =  1436,  A.,  =  1436-0.7  r,  c  =  1,  then 


2.S(m  hff„  ^-  +  0.3 

1          T  —   1 

lM?_o.t. 

r 

Atwj.  Temp.  Pet  cent,  of  Btaun.            ret  cent,  of  Weler. 

H  r  =  800,      I  =  0.808,         1  -  i  =  0.192, 

Ten,p.Deg.F. 

340. 

=  700,      X  =  0.753,         1  -  »  =  0.247, 

240. 

=  672,      3!  =  0.725,         l-x  =  0.266, 

ai2. 

=  600,      I  =  0.692,         1  -  »  =  0.308, 

140. 

It  tlms  appears  that  if  72J  per  cent,  of  the  flnid  be  satu- 
rated steam,  or  26J  percent,  of  it  be  water  at  212°  F.,  the 
Bteam  will  condense  continually  by  adiabutic  expansion,  or 
the  water  be  continually  evaporated  by  adiabatic  comprea- 
eion.  If  there  be  less  than  twenty-six  per  cent,  of  water  at 
212°,  the  water  will  all  become  evaporated  before  the  tem- 
perature reaches  the  critical  temperature,  and,  after  passing 
tliat  state,  compression  will  produce  superheating.  Everj' 
adiabatic  having  more  tlian  73J  per  cent,  of  steam  at  212° 
is  tangent  to  some  curve  of  constant  eteam  weight ;  and 
hence,  with  the  exception  of  tlie  adiabatic  tangent  to  the 
carve  of  saturation,  will  have  a  6tate  of  maximum  8t«am 
weight,  at  which  point  the  curves  of  constant  steam  weight 
and  the  adiabatic  will  have  a  common  tangent.  From  this 
state  condensation  of  steam  will  result  from  compression  as 
well  ae  from  expansion.     Tbo  adiabatic  which  is  tangent  to 
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temperature  of  790®  F. ;  another  is  tangent  to  the  curve  of 
50  per  cent,  of  steam  at  240°  F. ;  and  the  fourth  tangent  to 
the  curve  of  45.3  per  cent,  of  steam  at  190°  F.  absolute. 

In  order  to  show  the  properties  on  a  small  scale,  it  is 
necessary  to  exaggerate  the  relations,  thus  distorting  what 
would  be  the  correct  figure.  , 

An  examination  of  ether  will  show  that  the  results  here 
deduced  for  steam  are  not  necessarily  applicable  to  other 
vapors.  In  "  ether-like  vapors  "  the  temperature  of  inver- 
sion is  below  ordinary  temperatures ;  and  for  such  if  aj,  =  1, 
condensation  will  result  from  adiabatic  compression  for 
temperatures  above  that  of  inversion.  Thus,  for  ether, 
omitting  terms  above  the  first  power  of  r,  we  have  from 
Begnault's  experiments, 

Ae  =  93.3214  +  0.3870  r. 
c  =    0.517. 

Hence,  from  equation  (139),  page  147, 

93  32 
s  =  0.517 '- —  =  specific  heat  of  the  saturated  vapor* 

If  «  =  0,  then  T  =  180°  (absolute),  or  —  280°  F.  ;  and 
this  is  the  temperature  of  inversion.  Assuming  any  tem- 
perature above  this,  as  r,  =  520°,  and  a?,  =  1  in  equation 
(a),  then 

0.6664  -  2.3026  log  ^ 
_  ^  520 

^  ~        93.3214   .   ^    ~T 
y  0.3870 

From  this  it  appears  that  x  will  diminish  as  r  increases, 
and  finally  become  zero  for  r  =  915°,  nearly. 

There  appears  to  be  no  proportion  of  vapor  to  liquid  such 
that  they  will  be  the  same  at  two  diflEerent  states  on  an  adia- 
batic, as  has  been  found  for  steam.  It  may  be  shown  that 
for  any  value  of  a?,,  x  will  decrease  as  r  increases,  showing 
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If,  at  the  cut-off,  B^  the  fluid  be  all  vapor,  as  it  may  be 
for  steam-like  vapors,  then  a?,  =  1,  and  reducing  by  means 
of  equation  {a)  we  have 

which  is  the  equivalent  of  equation  (162),  page  154. 

For  ether-like  vapors,  if  the  final  state  is  that  of  vapor 
only,  then  a?,  =  1,  and  substituting  a?,  from  equation  {a) 
gives 


-^  ^clog,'^)r,v. 


The  weight  of  ether  vapor  at  B^  the  beginning  of  expan- 
aon,  in  order  that  the  pound  of  fluid  shall  be  all  vapor  at 
C^  the  end  of  the  expansion,  will  be  x^  in  equation  (a)  when 
a?  =  1,  or 


In  practice,  the  adiabatic  expansion  of  steam-like  vapors 
may  be  approximately  realized,  but  there  is  well-nigh  an 
insuperable  difficulty  in  securing  the  adiabatic  expansion  of 
saturated  ether-like  vapors  ;  for,  in  the  former  case,  if  steam 
be  in  the  state  of  saturation  at  the  instant  of  the  cut-off,  it 
will  continue  to  be  saturated  during  expansion ;  but,  with 
the  latter,  if  no  ether  liquid  be  present  at  the  instant  of  cut- 
off, the  vapor  will  superheat  during  expansion,  and  instead 
of  realizing  equation  (a),  the  curve  of  expansion  will  be  of 

the  form 

jp  v^  -=.  a  canstcmt^ 

in  which  n  will  be  the  ratio  of  the  specific  heat  at  constant 
pressure  to  that  at  constant  volume.  We  will  continue  to 
consider  the  vapor  as  saturated. 
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state  A,  then  will  tbe  work  done  by  compression  be  found 
by  simply  changing  le,  to  x„  since  all  tbe  other  qnantitiee 
remain  as  before : 

.■.U^  =  j\  c{j,-  r^~  7,log  -'\-\-  ^i^'  X,  A„1;  (n) 

beuce  the  work  done  in  tlie  cycle  A  E  FJ  A  will  be 

r.  -  u,  =  J^-^^^ K,(x,  -x.y 

Tlte  beat  al>8oH>ed  will  be 
bence,  the  efficiency  will  be 

a,  -  i\ 


wbicb  ie  tbe  same  as  that  of  the  perfect  elementary  engine. 
Neglecting  compression  and  clearance,  we  have 

U=A  EFD  +  (^,  — i>.) «, v„ 

where  ^,  =  OD,p,=  0  M,  absolute  pressures.     If  r,  l)e 
the  temperature  of  the  feed  water,  the  heat  expended  will  be 

H  =  Jc  (t,  -  r.)  +  X,  //,„ 

where  Hi,  =  t/A„.     Hence  the  efficiency  will  be 

/  [  e  (  n  -  '.  -  r,  fop  ^iJ  4-  *"'  ~  ''  g,  fl.,]  4-  (p.  -  p.)  a-,  V, 
E= '- ! {0) 

From  this  result  it  appears  that  in  tbe  case  of  actual 
engines,  the  specilic  heat  of  tbe  working  fluid  and  ttie  latent 
heat  of  evaporation  both  aSect  the  efficiency.     If  the  feed 
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water  be  at  the  temperature  of  the  exhaust,  then  r^  =  r„ 
and  the  preceding  expression  may  be  reduced  to 


1*1  -— r. 


'•  ( ^  ^ -^r-) +K^' -  ^0  ^' *• 


^=r -..  (p) 

Ti  C  (r,  —  r,)  4-  Xx  /Li 

By  retaining  x^  and  a?„  equation  (o)  is  applicable  both  to 
"  steam-like"  and  "  etlier-like"  vapors,  only  observing  that 
neither  x^  nor  a;,  can  exceed  unity,  and  that  they  are  related 
to  each  other  through  equation  (a). 

To  find  the  work  done  during  adiabatic  expansion  when 
the  initial  state  A  is  that  of  liquid  only,  make  a?,  =  0  in  the 
value  of  £/,,  or  a?,  =  0  in  equation  (Ar),  giving 

and  if  the  temperature  at  L  be  r,  then  will  ^  Jf  Z  be  found 
by  substituting  r,  for  r,  in  the  preceding  equation. 

Actual  engines  do  not  expand  down  to  the  back  pressure, 
neither  is  the  pound  of  fluid  retained  in  the  cylinder ;  but 
at  the  end  of  the  expansion  the  exhaust  is  opened,  and  the 
vapor  escapes  until  the  exhaust  is  closed  at  the  point  L  in 
the  back  stroke.  The  adiabatic  A  L  will  then  be  for  only 
a  fraction  of  a  pound  of  fluid.  To  find  its  equation  let  z 
be  the  fraction  of  the  pound  of  fluid,  including  both  liquid 
and  vapor,  then  equation  {a)  gives 


G 


K  ^  zxv  =  z{clog^  II^^)!:^?.  (,) 


If  the  fluid  be  all  liquid  at  A^  then  x^  =  0,  and 
which  reduces  to  equation  (y ),  if  s  =  1  as  it  should. 


•<" 
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But  in  practice  there  is  clearance  and  the  fluid  will  not 
be  reduced  to  a  liquid  at  state  A.  Representing  the  clear- 
ance hy  P  A,  Fig.  50d ;  then  will  3 

=  P  A-^AB,  where  ^  ^  is  the  p    A B 

volume  of  a  pound  ;  and  equation  (r)     \ 
will  be  the  equation  of  the  adiabatic. 
It  will,  however,  be  more  convenient  q 
to  use  the  approximate  equation  N 

as  has  been  done  in  the  following 
equation  {u). 

Some  practical  considerations.  A  steam  or  hot- 
air  Jacket  is  sometimes  used  to  prevent  liquefaction  of  steam 
in  the  cylinder  by  keeping  the  walls  of  the  cylinder  hot. 
Liquefaction  of  steam  in  the  jacket  produces  no  bad  effect, 
although  it  represents  cost  for  fuel.  The  entire  action  is  too 
complex  to  admit  of  definite  computation. 

The  velocity  of  the  steam  through  the  steam  pipe^  if  not 
more  than  100  feet  per  second,  does  not,  according  to  D.  K. 
Clark,  produce  any  appreciable  loss  by  frictional  resistance. 
The  loss  of  pressure  in  passing  through  the  ports  into  the 
cylinder  is,  in  practice,  from  3  to  10  pounds,  and  in  excep- 
tional cases  even  more. 

Wire-drawhig  of  steam  is  the  reduction  of  pressure  due  to 
friction.  This  does  not  represent  a  corresponding  waste  of 
energy,  for  it  produces  heat,  thus  superheating  it — that  is, 
produces  a  temperature  higher  than  the  boiling  point  corre- 
sponding to  its  pressure,  the  pressure  being  lower  than  at  the 
boiler ;  but  the  entire  energy  is  never  restored  in  this  way. 
It  is  better  to  cut-off  earlier  with  throttle  open  than  to 
throttle  and  cut-off  later,  to  produce  the  same  work. 

Superheating  may  bo  produced  by  wire-drawing,  by  a 
steam-jacket,  by  circulating  a  hot  fluid  through  flues  in  the 
steam-chest,  by  heating  the  pipes  conducting  the  steam  to  the 
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engine,  by  heating  in  the  cylinder  by  hot  pipes,  or  by  inject- 
ing some  superheated  vapor  into  a  body  of  saturated  vapor. 
The  object  of  superheating  is  to  prevent  condensation,  to 
diminish  the  back  pressure  by  producing  steam  of  less  den- 
sity, and  to  increase  the  efficiency  of  the  fluid. 

When  steam  is  superheated  to  sucli  an  extent  that  it  may, 
without  material  error  in  practice,  be  treated  as  perfectly 
gaseous,  it  is  sometimes  called  stea9n  gas.  Experiments  of 
Him  and  others  show  that  a  very  moderate  amount  of  super- 
heating produces  steam  gas ;  from  which  it  is  inferred  that 
the  formulas  for  steam  gas  will  be  practically  correct  for 
ordinary  superheated  steam. 

EXERCISE. 

Find  the  work  per  pound  of  ether  working  in  an  engine 
without  clearance  or  compression,  expansion  complete,  be- 
tween the  absolute  pressures  of  100  and  14.7  pounds  per 
square  inch ;  the  ratio  of  expansion  and  the  efficiency,  the 
fluid  being  entirely  saturated  vapor  at  the  end  of  the  expan- 
sion, and  the  temperature  of  the  liquid  ether  60°. 

Since  expansion  is  complete,  the  final  pressure,  14.7  pounds, 
will  equal  the  back  pressure. 

The  specific  heat  of  liquid  ether  is  <?  =  0.517.  To  find 
the  initial  and  terminal  temperatures  we  have,  equation  (81), 

1 

r  =  


/: 


C  '4  6'"      2  O 

in  which  for  ether,  A  =  7.5641. 

B  =  2057.8,  loff  B  =  3.313425. 
C  =  164950,  %  C  =  5.217355. 

Hence,  r,  ^  676,  r,  =  558 ;  .  • .  T,  =  216°  F.,  T.  =  98°  F, 

Latent  heat  of  evaporation  as  determined  by  Begnault, 

Ae  =  171.24  —  0.0487  T  -  0.000473  T" ; 
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hence,  for  terminal  state,  since  7",  =     98° h„  = 

for  initial  state,  since  T,  =  216° . . . .  A„  = 
Work,  ABCD,  Fig.  50a,  ar,  =  1  in  Eq.(0,ft.-IbB .  V  =  £ 

Initial  weight  of  vapor,  Eq,  (^j),  lbs a;,  = 

Efficiency,  Eq.  (o),  making  ib,  =  0.92,^,  =  p^.E=    i 

Volume  of  a  lb.  of  liquid  ether,  cu.  ft «  =  0 

ToLof  Ib.of  vapor  at j:>,  =  100  lb8.,Eq.(84),cu.  ft.  «,  = 

»  u  »  «  u  "p^  =  u.7"  "  »  "  «  «,=  ■ 
Batio  of  expansion,  Eq.  (i) r  = 

If  there  he  a  clearance,  and  sufficient  fluid  be  retain 
just  fill  the  clearance  by  compression,  as  indicated  by 
Fig.  50<f,  this  fluid  will  act  as  a  cushion,  and  the  enei^ 
will  be  stored  and  restored  with  each  stroke,  and  wil 
form  any  part  of  the  working  fluid.  In  this  case,  fn 
the  diagram  of  the  effects  of  the  cushion  fluid,  as  in 
ling's  engine,  page  324,  u^  will  be  represented  by  a 
equal  to  J  C,  ia  which  ease  equation  (n)  becoraei 
plicable  by  subtracting  from  it  a  trilinear  area,  of  v 
the  hypothenuse  is  the  curved  line  J  X,  and  the  has 
projection  of  L  J  on  F  E.  But  the  jjwan  effective 
sure  will  be  diminished  because  the  effective  wort 
revolution  will  be  less,  the  back  pressure  being  greater 

Matio  of  expansion  with  clearance.  A  B  C  E  L, 
50d,  being  the  diagram  described  by  the  indicator,  the  c 
being  eX  £,  A  B  will  be  the  apparent  steam  line,  and 
the  real  steam  line. 

Let 

FE 
¥  =  -j-=  =:  the  apparent  ratio  of  expansion, 

0  c 

r  =  ^-jj  =  the  real  ratio  of  expansion, 

PA 
e  =  -=-p  =  the  ratio  of  the  volume  of  clearan 

the  piston  displacement, 
9   =  i^^=  the  stroke  of  the  piston ; 
then 
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PA 

_  QC ^FE-^PA_      ^'^FE_l+c_f^  +  €r' 

^  -  PB      AB  +  PA^AB  ,  PA"^    ,     "l-j-cr'' 

FE^  FE     t''^^  (0 

.  • .  r  <  r'. 

*        A  P 
PA  =€8:      AB=z-fi      -r-^=(?r'. 
'  T        A  B 

The  adidbatic  A  L  will  be  for  a  fractional  part  of  one 
pound  of  the  vapor,  and  if  -4  ^  be  proportional  to  the 
volume  of  one  pound  of  the  vapor,  and  A  J  terminates  at 
the  end  of  the  clearance,  then  will  the  weight  of  vapor  re- 
quired to  produce  ^  Z  be 

J  p  of  one  pound  =  c  r' ; 

and  the  volumes  will  be  in  the  same  ratio  at  equal  pressures. 

Hence, 

N L  _  c  t'  v^  _  (pA^ . 

Fa  "  TVv^  "  V    ' 

which  determines  the  point  where  compression  must  begin; 
I%e  mean  effective  pressure  will  be  diminished,  but,  like 
many  other  elements,  the  exact  amount  cannot  be  deter- 
mined theoretically,  except  by  a  full  solution  of  the  problem ; 
still  a  sufficiently  near  approximation  may  be  found  by 
means  of  equation  (176),  page  175,  which  is 


i>e=i>.  Lio--J--i>.; 


in  which  r*  will  be  between  1  and  2  for  all  ratios  of  expan- 
sion used  in  practice,  and  when  p^  is  lai^e  compared  with 
i^si  Pfi  ^^  vary,  approximately,  inversely  as  r.  Hence,  if 
p^  be  the  mean  effective  pressure  with  clearance,  and  p^ 


m 
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without,  we  have,  approximately, 

The  jpiatan  displacement  per  minute  in  doing  the  same 
work  as  without  clearance  will  be  increased  in  the  ratio 

r'  -^  r. 

If  ike  steam  is  completely  exhausted  duHng  ea^h  return 
strokej  the  real  volume  of  steam  will  be 

P  B  =z{l  +  cr')AB,  {w) 

or  1  +  ^  ^'  times  the  apparent  volume. 

The  mean  absolute  pressure  will  also  be  diminished^  to 
find  an  approximate  expression  for  which,  conceive  that  the 
piston  displacement  equalled  the  volume  of  the  cylinder, 
including  the  clearance ;  then  would  the  work  done  be 

Pm  (1  +  o)  u,. 
But  the  work  done  in  passing  over  the  clearance  would  be 

p,cu^; 
and  if  j?m'  he  the  m,ean  absolute  pressure,  we  have 

PJ  t^,  =i>m  (1  +  o)  u,—p,cu^; 

-'-  Pm-Pj  =  C{p,'-  Pre).  (X) 

The  expenditure  of  heat  per  pound  of  steam  per  stroke 
without  clearance,  or  with  cushion  space  just  filled  by  the 
compression  of  vapor,  being 

H  =  5;.  +  ^  (r,  -  T.),  .  (y) 

with  clearance  and  complete  exhaustion  with  each  return 
stroke  will  be,  equations  {w)  and  (y), 

H  (1  +  c  r')  =  [iT..  +  ^  (r,  -  r.)]  (1  +  c  r^      {z) 

The  eff/Aency  of  the  fluid  will  also  be  diminished  /  for 

effective  work  with  clearance     _  p^  —  p^ , 
effective  work  without  clearance      j^m  —  i>s ' 


Llrt 

iratiotis  cannot  be  thoroughly  analyzed,  yet  their  dift- 
Hon  bIiowb  that  they  do  not  oppose,  or  revolutionize,  the 
eral  theory  of  the  vapor  engine — they  simply  modify 
:esalt6.  A  more  complete  knowledge  of  vapor  engines 
lires  special  experiments  and  a  study  of  the  engine  itself 
:er  varied  conditions.  Theory  teaches  much,  and  we  are 
ikful  that  we  know  so  mucli,  and  regretful  that  we  know 
ittle. 

13.  Cut-off.  With  a  given  plant,  if  the  cutoff  be 
y  more  work  may  be  done  with  a  given  amount  of  fuel 
1  if  the  cut-off  be  late  in  the  stroke  ;  and  it  is  proposed 
ind  the  cut-off  which  shall  give  the  most  work  per  pound 
team  admitted  to  the  cylinder.  This  problem  may  be 
ed  th*! point  of  cuiroff  thai  willproduce  the  greatest  Sjji- 

ey  of  Flmd. 

V\i\\  a  given  plant,  it  miiy  be  proposed  to  find  the  point  of 
off  such  that  the  owner  may  realize  the  greatest  profit 
felling  the  power  produced.  This  condition  will  involve 
first  cost  of  the  plant,  attendance,  repairs  and  deteriora- 
,  The  deterioration  may  lie  snch  that  the  cost  of  the 
re  plant  will  be  absorlred  iii  the  eonrse  of  a  few  years, 
f  sold  during  this  time,  it  will  be  the  difference  between 
original  cost  and  the  amount  received  by  the  sale.     In 

case,  if  the  cut-off  be  early  fuel  may  be  saved,  but  tlie 
tr  changes  may  make  the  cost  of  the  power  delivered 
■e  per  dollar  expended  than  if  the  cut-off  were  later,  thus 
:ing  it  a  problem  of  maxima  and  minima.  This  may  be 
3d  the  Owner^s  PriMem. 

Lgain,  in  the  plant  of  the  preceding  case,  tlie  parts  may 
improperly  proportioned  ;  but  if  a  detinit«  amount  of 
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work  is  to  be  produced,  the  designer  may  be  required  to 
proportion  the  plant  so  that  the  boilers  shall  be  of  the  pi-oper 
size  for  working  most  economically  for  producing  the  re- 
qnired  ainonnt  of  steam,  and  the  engine  so  proportioned 
that  by  catting  ofi  properly  the  power  produced  shall  cost 
the  least  per  dollar  expended.  If  cut-off  be  too  late  in  this 
case,  more  steam  will  be  required,  requiring  larger  boilers 
and  more  fuel,  while  the  engine  may  be  smaller,  thus  cost> 
ing  less ;  or  if  cut-off  be  too  early,  requiring  less  steam  and 
smaller  boilers,  the  cylinder  and  every  part  of  the  engine 
most  be  larger,  costing  more,  so  that  this  is  a  problem  of 
maxima  and  minima,  and  may  be  designated  as  the  Design- 
er's Problem. 

These  and  similar  problems  have  received  the  general 
title,  The  Moat  Economical  Point  of  Out-off. 

A  general  solution  of  the  owner's  problem  was  made  by 
Kankine,  and  is  made  the  basis  of  the  solution  of  the  other 
two.     It  is  substantially  as  follows : — 

Let  /),  =  the  initial  absolute  pressure  in  the  cylinder  per 
square  foot, 
Pn  =  the  m,ean  (Solute  pressure, 
F  =i  the  resistance  of  the  engine  other  than  the  use- 
ful load,  including  friction  and  back  press- 
ure, 
A  =  the  cost  of  producing  unity  of  weight  of  steam 
in  unity  of  time  (one  hour),  which  consists  of 
the  cost  of  fuel,  repairs,  wages  of  firemen,  in- 
terest on  cost  of  boilers,  and  depreciation  ; 
Jc  =  interest  on  the  cost  of  tlie  engine,  plus  engi- 
neer's wages,  plus  cost  of  repairs,  ^im  depre- 
ciation of  value  of  engine,  plus  cost  of  waste 
and  oil,  reduced  to  cost  per  square  foot  per 
hour ; 
A  =  area  of  the  piston  in  square  feet, 
I  =  length  of  stroke  in  feet. 
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The  Tolnme  of  W  pounds  of  steam  will  be  v  IF,  anc 
fnll  stroke,  rvW; 

.•.Aln  =  rv  W;  (] 

and  the  preceding  expression  becomes 

'        In 
The  useful  work  per  stroke  will  be 

which  per  pound  of  eteam  per  hoor  becomes 

'"■'^^-^>  =  ^(^.-n      (1 

which  by  means  of  Equations  (187)  and  (188)  becomes 

hence,  the  work  done  per  nnit  of  cost  (one  dollar)  of  eb 
will  be 

V  {p,  Z  ~  Fr)  _  p,  p.  In 

'^',rv        ~hln  '~r''        (■ 

'In  lev    ' 

which  is  to  be  a  maximum  in  reference  to  r  as  a  varia 

and  will  be  a  maximum  when  the  factor 


ie  a  maximum.  Equation  (186)  shows  that  Zw  &  fnno 
of  p^  and  r ;  but  the  form  of  the  function  p„  is  not  i 
nit^ly  known,  depending,  as  has  been  previously  sta 
upon  the  behavior  of  the  steam  iu  the  cylinder — whethi 
be  dry,  saturated,  superheated,  wire-drawn,  &c.      If 
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mean  forward  pressure  be  found  in  any  manner  afi  a  func- 
tion of  r,  a  graphical  solution  may  be  made  as  follows : 

Draw  two  axes,  O  X  and  0  Y^  and 
construct  the  locus  A  B^  Fig.  50,  rep- 
resenting Equation  (186),  by  laying 
off  spaces  0  Q  on  (?  X  to  represent 
r  and  corresponding  ordinates  Q  P 
to  represent  Z.  Through  the  origin 
0  draw  a  line  0  N^  such  that 


Fio.  50. 


ianNOX^  -, 


then  will  any  ordinate  ^  iT  be 

F 

Pi 
which  is  the  numerator  of  expression  (191). 
On  the  negative  axis  of  x  lay  off  a  distance 

hi  n 


0C  = 


and  at  C  erect  a  perpendicular  intersecting  iT  O  prolonged, 

at  D.    From  D  draw  a  tangent  to  the  locus  A  B^  the  point  of 

tangency  being  P,  then  will  the  corresponding  abscissa,  O  Q, 

be  that  value  of  r,  which  will  make  (191)  a  maximum.    For, 

tlie  part  P  JV  of  any  ordinate  between  D  N  and  J9  P  will 

be  proportional  to  C'  ^,  its  distance  from  C ;  but  C  Q  is 

the  denominator  of  (191),  and  if  the  line  2>P  be  above 

the  tangent,  nothing  will  be  determined  by  it,  and  if  below, 

assume  that  it  passes  through  some  point,  as  A^  on  the 

curve.     For  the  ordinates  between  the  diverging  lines  we 

Iiave 

P  N  _  ordinate  thrnugh  A 

C  Q  ~~       abscissa  of  A 
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But  the  part  of  the  ordinate  below  A  will  be  less  than 
that  repiesented  by  the  numerator  of  the  second  member 
of  tills  equation,  thus  making  the  ratio  less. 

114.  Special  cases. 

Ist.  Let  the  expcmsion  be  isothermal  /  then  will 

1=  =  J-  (1  +  %.  r),  (192) 

as  given  in  equation  (165) ;  and 

Z=^r.  (193) 

Pi 

From  these  equations  the  following  table  has  been  com- 
puted, which  is  applicable  to  perfect  gases^  and  superheated 
steam  working  expansively  at  constant  temperature. 

n  ^-  Z. 


1 

Eq.  (192). 
1.000 

Eq.  (193) 
1.00 

li 

.978 

1.22 

li 

.937 

1.41 

1* 

.891 

1.56 

2 

.846 

1.69 

2i 

.766 

1.92 

3 

.700 

2.10 

31 

.644 

2.25 

4 

.596 

2.39 

^ 

.556 

2.50 

5   • 

.522 

2.61 

5i 

.492 

2.70 

6 

.465 

2.79 

8 

.385 

3.08 

10 

.330 

3.30 

20 

.200 

4.00 

With  these  values  of  /•  and  Z  the  locus  A  B  mav  be 
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constructed,  and  the  value  of  r  found  therefrom  will  give 
tlie  required  maximum  for  sensibly  perfect  gases. 

2^.  Let  the  expansion  he  adidbat/ic^  according  to  the 
approximate  law. 
Then 

and 


Z  = 

10  _  9  r  *' 

hthe 

following  table  is  computed. 

r. 

P> 

Z. 

1 

1.000 

1.00 

li 

.976 

1.22 

n 

.931 

1.35 

If 

.844 

1.54 

2 

.834 

1.66 

2i 

.784 

1.88 

3 

.678 

2.03 

3* 

.620 

2.17 

4 

.571 

2.29 

4* 

.530 

2.39 

5 

.495 

2.47 

H 

.464 

2.55 

6 

.438 

2.63 

8 

.357 

2.86 

10 

.303 

3.03 

20 

.177 

3.55 

Kesults  found  by  constructing  the  locus  A  B  from  this 
table  will  be  applicable  to  saturated  steam  expanding  adia- 
batically.  Other  hypotheses  might  be  assumed,  and  corre- 
sponding results  obtained,  but  as  extremely  accurate  results 
will  not  be  expected  in  practice,  the  hypotheses  of  adia- 
batic  expansion  will  answer  for  ordinary  cases. 
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In  regard  to  the  Efficiency  of  Fluids  we  have  in  equation 
(191)  k  and  h  both  zero,  rendering  that  term  indeterminate, 
and  equation  (190)  reduces  to  infinity,  as  it  should,  since 
the  cost  of  the  steam  is  not  included  in  the  latter  prob- 
lem, which  condition  only  requires  the  most  work  per 
pound  of  steam  entering  the  cylinder.     This  requires  that 

U=^{p^^  F)rv,  (194) 

shall  be  a  maximum,  and  this  is  equivalent  to  making  the 
numerator  of  the  left  member  of  (190)  a  maximum,  and 
this  is  a  maximum  when  the  ordinate  P  N\a  9l  maximum, 
giving  O  Q  for  the  corresponding  value  of  r.  Equation 
(194)  is  easily  reduced  for  a  maximum  for  the  isothermal 
expansion  of  gases.     For  we  have  from  equation  (164) 

which  will  be  a  maximum,  when 

r  =  |j,  (195) 

that  18,  the  ratio  of  expansion  mvst  he  mich  as  to  reduce 
the  terminal  pressure  to  that  of  the  hack  resistance. 

If  frictional  resistances  be  neglected,  J'^will  represent  the 
back  pressure^  which  will  be  that  of  the  exhaust  steam ;  in 

which  case  we  have 

jp,  r  V,  =  p,  V, ; 
or 

JP.  ^.  =  JPi  ^1 ; 

or  the  work  on  the  hack  stroke  will  equal  the  work  done 
hefore  cut-off ;  hence,  the  useful  work  will  equal  the  latent 
heal  of  expansion, 

EXERCISE. 

(The  following  exercise  is  an  abstract  of  a  paper  by 
Messrs.  Wolff  and  Denton,  Transa^ctionof  the  American  So- 
ciety of  Mechanical  Engineers  (1881),  147,  281,  except  that 
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we  aseume  that  the  engine  wae  ueed  10  out  of  24  lionre, 

w)iile  tliey  a«8Uined  that  it  was  run  continuously.     It  was 

an  example  of  a  Buckeye  non -condensing  engine.) 

„  „    ,       t  26"  diameter,  I  75.3  lbs.  gauge, 

1.  Cylinders  -,  ^g.  ^^^^^^         pressure  \  ^^^    ,   ^^^ 

90.0    "  absolute. 
10  revolutions  ]>er  minute,  working  10  hours  daily. 
Assume  clearance,  c  =  2^  per  cent. 

Condensation  =  30  per  cent  above  that  indicated, 
Back  pressure  =  15.7  lbs. 
Friction  =     2.0   " 


X  600  X  0.21185  X 


.■.F=  17.7  lbs. 
Coal,  5  dollars  per  2000  lbs. 
Evaporation,  9  lbs.  of  water  per  pound  of  coal. 
We  have — 

CHARGEABLE  TO  THE  8-ILER  : 
If    the  engine  work   full    stroke,  and  no  allowance  be 
made  for  clearance  and  condensation,  the  cost  of  the  eoal 
per  hour  will  be 

Vol.  I  Blroke  reel.  Double  Birokc.         Wt.  1  en.  ft. 

0.7854  X  (26)'  X  *8 
1728 

Lbs.  of  roll  per  lb.  Coit  of  coal  dol-  Dollm  pa 

of  tticer.  lUB  piT  lb.  hour, 

i  X  ,fl^ff  =  10.415 

Add  2i  per  cent  for  clearance .260 

Sum  =  10.675 
Add  30  per  cent  of  $10,676  for  condensation. ...  =  3.202 
Add  wages  of  fireman  ($2.25),  laborer  ($1.25)..  =  0.146 
Interest  on  cost  of  boilers,  8500  X  0.0« -=-(365x24)=    0.058 

Depreciation,  say   i-g  X  q7^v~v-  q1 =    0,082 

Repairs,  if  $190  per  year =    0.022 

Sum  =  14.185 
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CHARGED  TO  THE  ENGINE. 

Afifiame  cost  of  engine  when  set  to  be  $9000. 

Interest,  $9000  X  0.06  -^  (365  X  24) =  0.063 

Wages  of  engine  runner =   0.200 

Depreciation,   say  —  of  9000  ^  (365  X  24)  . .    =   0.042 

Kepairs,  say  $150  per  year =  0.017 

Oil  and  waste,  say =  0.030 

Sum  =  0.352. 
then, 

F  ^  17.7  ^     1 

p^       90.0"      5.09 

14.ia5  X  1728 

h  ^In       0.7854  X  (86)*  X  48  X  2  X  600  X  0-21185  ^  4  X  2  X  6W 

ifc  ^  T  =  ^        hMyjWk  ^  —47 

0.7854  X  (26)« 

=  40.47  =  O  (7. 

F      40  47 
O  C  X^=  -V^  =  7.95  =  CD. 
p^  D.09 

In  Fig.  50,  lay  off  (?  6'  =  40.47  and  C  i>  =  7.95,  and 

from  the  point  D  thus  found  draw  the  tangent  D  /*,  and 

from  P  let  fall  the  perpendicular  P  Q^  then  will  O  Q  be 

the  ratio  of  expansion  for  this  case,  which,  for  adiabatic 

expansion,  will  be 

0  Q  =  3.4. 

In  a  class  of  forty  students  working  independently  and 
with  different  scales,  the  results  differed  only  by  two  or 
three  tenths,  using  the  same  law  of  expansion,  a  result  near 
enough  for  practice  in  the  present  state  of  the  science.  The 
exact  value  may  be  found  by  trial  and  error,  by  substituting 
in  expression  (191).     (Addenda.) 

(Literature.  General  solution  by  the  late  Professor  Kankine,  Phil. 
Mag.  (1854),  21,  176  ;  Tran$.  Boy.  Soc.  Edinburgh,  Vol.  XX.,  Part  II.; 
S^up  Building;  MiwxUaneous  Scientific  Papers,  pp.  288-290.  The  En- 
giFieer,  1866,  April  2d,  p.  248,  gives  a  modification  of  his  graphical 


■84.   Thurelon,  ibid.,  1880,  '81,  '88,  '84.    Wood,  ibid..  May.  1884.) 

2.  Let  the  dimensioM  of  the  engines  and  cost  of  plant  be 
as  in  the  preceding  exercise,  the  gauge  pressure  70,3  lbs,, 
10  revolutions  per  minute,  working  2+  hours  dailj,  conden- 
sation 25  per  cent,  back  pressure  F.  =  18  lbs,,  coal,  evap- 
oration, oil,  waste,  and  interest  as  in  the  preceding  exercise ; 
also  wages,  except  that  tliey  are  for  12  hours  instead  of  10  ; 
life  of  boiler  10  years,  repairs  (1225 ;  life  of  engine  20  years, 
repairs  of  engine  $175  per  year  ;  engine  to  run  300  days  of 
the  year ;  find  the  most  economical  point  of  cut-off. 

3.  If  the  cost  of  producing  the  steam  be  neglected,  or  h 
=  0,  in  Exercise  1,  find  the  proper  point  of  cut-off. 

4.  In  Exercise  1  if  tlie  "  cftst  of  the  engine  "  be  neg- 
lected, or  i  =  0,  find  the  proper  value  for  r.  (Use  the  left 
member  of  (190).) 

115.  Multiple  expansions. — Engines  are  made 
with  two  or  more  cylinders,  so  arranged  that  after  steam  has 
done  some  work  in  one  cylinder  it  may  l>e  exhausted  into 
another,  and  from  the  second  into  the  tliird,  and  so  on,  and 
the  expansions  continued  in  the  successive  cylinders.  If 
two  cylinders  are  employed,  the  combination  is  called  a  com- 
pound engine ,'  if  tliree  cylinders,  trijde  eicpanston  ;  if  four, 
quadruple  expansion.  Since  multiple  expansions  have  come 
into  practice,  it  might  be  well  to  drop  tlie  term  compound^ 
and  substitute  double  expansion.  The  cylinders  may  be 
arranged  in  any  desirable  manner.  If  placed  end  to  end, 
having  a  common  piston  rod,  they  are  called  tandem.  They 
may  be  placed  side  by  side,  close  to  each  other,  or  separated 
many  feet  and  connected  by  a  large  pipe.  The  cylinder 
first  receiving  steam  is  called  the  high  pressure  cylinder,  and 
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has  the  smallest  piston  displacement  per  stroke,  and  the 
others  the  low  pressure  cylinders,  each  increasing  in  size  as 
they  are  more  remote  in  the  grade  of  expansion  from  the 
high  pressure.  In  triple  expansions,  the  smaller  cylinder  is 
called  the  hiffh  pressure,  the  next,  the  interinedidte,  and  the 
third  or  largest,  the  low  press^ire  cylinder.  The  high-press- 
ure cylinder  may  exhaust  directly  into  the  next  one,  or  into 
a  receiver,  and  in  the  same  manner  from  the  next  cylinder, 
and  so  on.  In  some  ca^s  double  expansion  is  accomplished 
in  three  cylinders,  tlie  high-pressure  cylinder  being  between 
the  two  low-pressure  cylinders. 

If  the  fluid  retained  its  state  of  aggregation,  there  would 
be  no  theoretical  gain  in  expanding  in  two  or  more  cylin- 
ders over  that  of  expanding  in  one  between  the  same  limits 
of  temperature ;  but,  on  the  other  hand,  there  would  be  a 
loss,  for  the  spaces  between  the  cylinders  serve  as  clearances 
which  must  be  filled  with  steam.  Steam  cards  from  multi- 
ple-expansion engines  clearly  show  this  loss ;  yet  experi- 
ence proves  that  there  is  a  gain  of  efficiency.  This  is  chiefly 
due  to  the  fact  that  liquefaction  of  the  steam  is  Iqiss  when 
expanded  in  several  cylinders,  for  the  walls  of  the  cylinders 
are  kept  at  a  more  nearly  uniform  temperature,  being  more 
nearly  that  at  which  the  steam  enters  the  cylinder. 

There  is  also  a  mechanical  advantage,  since  the  initial 
stress  on  the  crank  pins  will  not  be  so  excessive.  With 
triple  expansions,  the  initial  stress  on  the  crank  pin  may  be 
about  one-half  or  one-third  of  what  it  would  be  if  expansion 
were  made  in  one  cylinder  only. 

This  arrangement  also  produces  a  more  uniform  rotation 
of  the  shaft,  which  in  the  case  of  vessels  driven  by  propel- 
lers is  favorable  to  greater  efficiency  of  speed.  So  that  if 
a  single  expansion  and  a  triple  expansion  should  show  the 
same  economy  of  fuel  per  horse-power,  the  triple  expansion 
in  the  same  vessel  ought  to  show  greater  economy  of  fuel 
for  a  given  mileage. 
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116.  Condensation. — The    laws  which  govern  the 
liquefaction  of  steam  in  the  cylinder  are  not  well  known. 
Theory  recognizes  three  sources  for  the  appearance  of  water 
in  the  cylinder :  firsts  water  carried  from  the  boiler  to  tlie 
cylinder  in  the  form  of  a  spray,  in  which  particles  of  liquid 
water  are  mingled  with  the  steam ;  second^  liquefaction  pro- 
duced by  the  expansion  of   saturated  steam;    and,  thirds 
liquefaction  produced  by  the  walls  of  the  cylinder.     The 
first  pertains  chiefly  to  the  construction  and  management  of 
the  boiler ;  the  second  has  been  discussed  from  a  theoretica" 
standpoint  by  Rankine  and  Clausius,  as  stated  in  Article  98 
Rankine,  in  an  example  with  assumed  data,  in  which  thti 
ratio  of  expansion  was  32J,  found  that  nearly  18  per  cent 
of  the  steam  entering  the  cylinder  was  liquefied  during  ex 
pansion  from  this  cause  {Misc,  Sc,  Papers^  p.  399).    Theory 
shows  that  superheated  steam  loses  nothing  from  this  cause 
so  long  as  it  remains  above  the  condition  of  saturation,  and 
actual  engines    confirm  this   result.     Calorimeter  tests  oi 
steam-jacketed  engines  have  shown  a  total  loss  from  lique 
faction  of  from  10  to  20  per  cent. 

The  third  has  been  discussed  by  Professor  Cotterell  in  hi^ 
work  on  The  SU^am-Enghie^  pp.  246-269,  in  which  he 
shows  that  this  may  be  the  principal  cause  of  tlie  loss  of 
effieiency  of  the  fluid.  The  liws  of  conduction  and  radi- 
ation are  not  sufficiently  well  known  to  enable  one  to  estab- 
lish a  complete  theory  of  liquefaction  in  this  regard  ;  and 
if  they  were,  the  variations  of  temperature  due  to  expansion, 
as  well  as  the  varying  temperature  of  the  walls  from  the  be- 
ginning to  the  end  of  the  stroke,  would  greatly  complicate 
the  problem. 

If  the  liquefied  water  be  deposited  upon  the  inner  sur- 
face of  the  cylinder,  as  it  will  be  in  the  third  case,  it  will 
facilitate  the  conduction  of  heat,  and  the  result  will  be  verv 
different  from  the  condition  in  which  the  water  remains 
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distributed  throughout  the  steam,  as  it  is  supposed  to  be  in 
the  first  and  second  cases  named  above.        ^ 

The  reduction  of  temperature,  due  to  the  action  of  the 
walls,  would  also  have  an  influence  upon  the  theory  in- 
volved in  the  second  case,  in  a  manner  which  has  not  yet 
been  considered. 

Initial  condensation  is  that  which  takes  place  during  the 
admission  of  steam,  and  is  due  chiefly  to  exposure  to  sur- 
faces colder  than  the  steam,  and  is  independent  of  the 
case  investigated  by  Rankine.  It  can  be  reduced  by  keep- 
ing  the  walls  at  nearly  the  temperature  of  the  entering 
steam,  and  hence  may  be  nearly  prevented  by  a  steam-jacket, 
and  in  other  cases  may  be  reduced  by  late  cut-off  and  liigh 
speed.  The  economy  of  high  expansion  is  so  well  es- 
tablished by  theory  and  confirmed  by  experience,  when 
condensation  is  avoided,  that  other  means  than  that  of  a  late 
cut-off  will  be  sought  for  preventing  liquefaction. 

Theory  does  not  enable  us  to  compute  the  amount  of 
condensation  for  any  particular  case ;  it  must,  therefore,  be 
determined  by  direct  experiment.  A  few  examples  are  given 
Jn  the  following  notes. 

NOTES. 

117.  Experiments  on  Bteam-engrines : 

(a.)  HittCs  experiments. — By  far  the  most  complete  set  of 
experiments  scientifically  conduced  were  those  under  the 
direction  of  M.  Him,  by  MM.  O.  Hallauer,  W.  Grosse- 
teste,  and  Dwelshauverse  Dery,  begun  in  1873,  and  extending 
over  several  years.  The  results  of  the  experiments  are  pub- 
lished in  the  Bulletin  Special  of  the  Societe  Industrielle  de 
Mvlhouse^  1876.  Smith  on  Steam  Using  contains  a  sum- 
mary of  these  experiments,  pp.  188-285. 

(J.)  Na/oy  experiments, — Mr.  B.  F.  Isherwood,  while  chief 
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and  Kletaech  experimented  upon  a  Harris-Corl 
ing  an  IS-inch  cylinder,  42-inch  stroke,  for  t 
determining  the  laws  of  condensation  under  d 
tions.  Tlie  engine  was  not  jacketed,  but  was 
lagging  and  a  non-conducting  substance,     Th 

if 

y  =  cut-off  =  0.18.  then,  cylinder  condeimition  = 


which  values  are  well  represented  by  the  equi 
{x  +  0.12)  (y  -f  0.44)  =  0.3543 
If  3  =  the  area  of  tlie  surface  exposed  in  sq 
X  the  per  cent  of  condensation,  as  before,  tin 
gave 

xz  —  1.026  X  —  4.77  s  =  231.3( 

Varying  boiler  pressures  gave 

p  =  pressure  =  SO.OO  pouDcls,  x  =  per  cent  cyl.  cond 


which  may  be  represented  by  tlie  equation 

K  =  45  -  0.1266^. 

(OmduaUon  Tlum»,  1884  ;  Jour.  Frank.  Intl.,  1885, 
Dec.) 

Messrs.  Blauvelt  and  Haynes,  by  calorimet 
the  engines  of  tlie  steamship  Hudson  of  the  C 
found  in  some  cases  only  10  per  cent  of  liqut 
the  cut-off  was  ^.  The  pistons  were  48  ir 
eter,  stroke  6  feet;  at«ani-jacketed  cylindei 
power  engine.     {Thesis,  1886.) 

The  experiments  of  Mr.  James  S.  Merritt 
direct-acting  steam  pump,  at  various  piston  e 
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about  600  horse-power,  for  over  ten  days,  which  ran  with 
16.3  pounds  of  feed  water.  {Am,  Soc,  Mechanical  Engi- 
neerSy  Discussion,  Hartford  meeting,  p.  14.) 

(A)  In  a  three  days'  test  of  the  steamship  Para,  having 
triple-expansion  engines,  the  actual  weight  of  steam  con- 
sumed per  I.  11.  P.  per  hour  was  13.4  lbs.  Adding  15  per 
cent  for  initial  condensation  gives  18.5  lbs.;  coal,  1.54  lbs. 
per  indicated  horse-power ;  evaporative  power  of  the  coal, 
12.0  lbs,  from  and  at  212^  F.  The  Sietta  consumed  13.7 
lbs.  of  steam  per  I.  H.  P.,  with  1.36  lbs.  of  coal  whose 
evaporative  power  was  13.9  lbs.  of  water  from  and  at  212^ 
F.     (Proc.  Tmtit%cti(m  Mech,  Eng.,  1886-87,  pp.  492-506.) 

(i)  Largt  Ocean  SUamen. 


City  qf  Rome, 


Length,  feet 

Breadth,  "  

Displacement,  tons 

Indicated  H.  P 

Speed,  miles  per  hour 

Coal,  per  day,  tons 

V/Oai  pef  JLi  xia  X  •  ••.........*■ 


Cylinders  )^**°^-^°*- 

(Stroke,  "  . 

Steam  pressure,  lbs 


542.5 
62.0 
11280 
11890 
18.2 
185 
2.2 
3®46 
8(^86 
72 
90 


Umbtia  and 
JUruria. 


600 

67 

9860 

14821 

20.2 

315 

2.1 

1  @    71 

2  @  105 

72 
110 


Servia. 


615 

52 

10,900 

10,300 

17 

205 

2 

1  @    72 

2  @  100 

78 


(j )  In  the  year  1840,  the  time  of  crossing  the  Atlantic 
Ocean  in  a  steamship  was  about  13  days. 
The  recent  short  passages  have  been : 

City  of  Pome 6  d. 

Oregon 6  d. 

Etruria 6  d. 

{Scrihner^s  Magazine,  1887,  p.  315.) 

In  1887,  beginning  May  28th,  the  time  of  the  Umhria 
was  6  d.,  4  h.,  12  m.  In  1888,  beginning  May  24th  at 
Qneenstown,  the  time  of  the  Etruria  was  6  d.,  1  h.,  55  m. 


18  h. 

Om. 

10  h. 

35  m. 

5  h. 

31  m. 

J.] 
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lees  

m 

1882 

80 

The  writer  does  not  clearly  state  why  theee  part 
values  are  given.  Some,  though  relatively  few,  etean 
carry  160  pounds  pressure,  and  if  this  be  the  highest, 
on  the  same  plan,  the  highest  for  preceding  years  oug 
have  been  given.  Many  locomotive  boilers  carry  160  p 
preasare,  and  have  done  so  for  several  years, 

{o)  Ideal  efficiency.  It  is  sometimes  convenient  for 
enee  to  have  an  ideal  maximum  efficiency  for  steam  pc 
Assume,  then,  that  the  steam  pressure  is  200  pound 
square  inch  by  the  gauge,  and  that  the  back  presai 
one  pound  per  square  inch  absolute,  and  that  the  foi 
pressure  decreases  to  one  poimd  absolute ;  then  wi! 
temperature  corresponding  to  the  higher  pressure  be 
F.  and  to  the  lower  102°  F, ;  and  the  maximum  effic 
when  working  between  these  temperatures  will  be 

3^8  - 102 _m_ 

388  +  460  -  848  "  "■**^*' 

which  is  somewhat  less  than  ^.  To  realize  this 
would,  according  to  the  approximate  adiabatic  law,  n 
about  118  expansions,  which  fact  alone  shows  that  sm 
efficiency  is  far  beyond  existing  possibilities  in  a  wo 
engine.  The  waste  of  heat  in  the  furnace  of,  say,  2 
cent,  loss  of  pressure  between  the  boiler  and  the  ei 
Ices  of  heat  at   the  exhaust,  and  other  losses   reduc 
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eiBciency  of  steam  plants  below  15  per  cent  of  the  heat 
energy  of  the  fuel. 

(j>)  Quadruple-expansion  engiTiea.  In  the  American 
Machinist  of  December  3d,  1887,  is  an  article  taken  from 
London  Engineering^  describing  a  system  of  quadruple- 
expansion  marine  engines,  which  have  been  placed  on  sev- 
eral new  steamers.  The  boilers  for  these  engines  are  de- 
signed to  carry  180  lbs.  pressure.  It  is  claimed  that  these 
are  6  to  8  per  cent  more  efficient  than  triple-expansion  en- 
gines. 

{(j)  Efficiency  of  plant.  Take  the  case  of  the  steamship 
Ohio^  of  the  International  Steamship  Company,  which  has 
triple- expansion  engines  of  2100  I.  H.  P.,  the  gross  tonnage 
of  the  vessel  being  3325  tons.  The  engines  were  guaranteed 
to  consume  not  more  than  1.25  lbs.  of  coal  per  I.  H.  P.  per 
hour.  The  cylinders  were  31  in.,  46  in.,  72  in.,  and  51  in. 
stroke. 

The  trial  trip  developed  an  I.  H.  P.  for  1.23  lbs.  of  coal.* 

The  calorific  capacity  of  this  coal  is  not  known  to  us,  but  it  is 
quite  certain  that  on  such  a  trial  the  best  of  coal  would  be  used. 

If  the  heat  of  combustion  was  15000  thermal  nnits — 
which  is  a  very  high  value — there  would  have  been  ex- 
pended 

1.23  X  15000  =  18450  thermal  units 

per  horse-power  per  hour,  or 

18450  X  778  =  14354100  foot-pounds 
of  energy  to  produce  one  horse-power,  or 

33000  X  60  =  1980000  foot-pounds 

of  work  per  hour,  in  which  case  the 

^  .  ^    7     .        1980000        ^-QQ 

efficiency  of  plant  =  ^^g^^^QQ  =  ^-138, 

or  nearly  14  per  cent. 

*  The  Mechanical  Engineer,  Sept.  10th,  1887,  pp.  40,  50,  taken  from 
Industries 
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If  the  coal  contained  14000  tliennal  units — a  fair  value 
for  very  good  coal — the 

^  •  V?    7    '^        1980000        ^^.^ 

efficiency  of  plant  =  jggy^j^Yj  "^  ^'^^^' 

or  nearly  15  per  cent. 

The  boilers  would  naturally  be  in  excellent  condition  for 
such  a  trial,  and  if  they,  including  the  steam  connections  up 
to  the  steam-chest,  gave  an  efficiency  of  75  per  cent,  then 
we  would  have  for 

18  8 
efficiency  of  the  engines  only^    *^^  =  0.184  in  former  case 

i  o 

^*'^   =  0.197  "   latter     ^' 


75 

If  the  efficiency  of  the  boiler  and  connections  were  7(* 
per  cent — a  fair  value — the  efficiency  of  the  engines  would 
be  0.197  in  the  former  case  and  0.211  in  the  latter. 

It  is  a  remarkably  good  plant  that  will  produce  an  indi- 
cated horse-power  with  1.23  pounds  of  the  best  coal. 
While  it  is  well  known  that  such  a  trial  may  be  so  con 
ducted  as  to  give  a  result  too  favorable  to  the  contractors — 
by  not  giving  proper  credit  to  the  heat  generated  just 
before  starting,  or  by  letting  the  fires  nm  too  low  at  the 
close,  or  by  not  standardizing  the  indicator,  &c. — yet,  on 
the  other  hand,  the  proprietors  of  the  vessel  would  naturally 
check  all  the  conditions  so  as  to  detennine  for  themselves 
if  the  terms  of  the  contract  were  fulfilled.  We  therefore 
feel  some  confidence  that  marine  steam  plants  have  been 
made  that  have  developed  an  actual  efficiency  of  some  14 
or  15  per  cent ;  and  certainly  the  conventional  10  per  cent 
efficiency  used  by  popular  writers  is  exceeded  in  some 
cases. 

Tests  of  commercial  coal  taken  at  random  show  that  the 
heat  of  combustion  frequently  falls  below  12000  thermal 
units  per  pound.     Ocean  steamships  have  been  reported  as 
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HOT-AIR  ENGINES. 

110.  Stlrlingr's  (or  Laubereau's)  Hot-air  En- 
gine*     This  engine  was  invented  by  Dr.  Robert  Stirling 
about  the  year  1816,  and  improved  by  his  son,  Mr.  James 
Stirling ;  for  the  details  of  which  see  Proceedings  of  the 
Inatitution  of  Cioil  Eii-jineera,  1845.     It  was  furtJier  im- 
proved by  M.  Laubereaii,  the  form  of 
which  ia  shown  in  Fig.  51.     It  consists 
of   two   cylinders   of   different   diame- 
ters, having  a  free  communication  be- 
tween  tliem.     The  smaller   piston,  B, 
Fig.  52,   is   tlie    working   piston,   and 
drives  the  engine.     The  larger  piston 
or  plunger.  A,  is  made  chiefly  of  plaster 
of  Paris  or  other  non-conductor  of  lieat, 
and  is  somewhat  smaller  than  tlie  bore 
of  the  cylinder,  so  that  the  air  may  pass  wa-  51. 

freely  past  it.  Also  an  annular  space 
about  the  cylinder  is  filled  with  thin  plates  or  small  wires 
which  heat  quickly  as  the  liot  air  passes  among  them, 
and  as  quickly  give  up  their  heat  to  the  cold  air  on  its 
return.  This  device  is  the  regenerator  referred  to  in 
Article  105,  The  top  of  the  cylinder  at  C  may  be  made 
double  to  admit  of  the  passage  of  water ;  or,  what  is  bet- 
ter, the  upper  end  of  the  cylinder  may  be  filled  with  an 
extensive  coil  of  small  copper  tulies  through  whicli  water 
is  made  to  flow  by  means  of  a  force-pump  worked  by  tlie 
engine,  the  object  being  to  maintain  a  low  temperature 
in  that  end  of  thi;  cylinder,  and  tlius  cool  the  air  at  that 
end,  and  hence  is  called  the  refrigerator.  The  objectof  the 
plunger  is  to  transfer  a*mas8  of  air  from  one  end  of  the  cyl- 
inder to  the  other  and  back  again,  and  sf)  on  alternately,  which 
is  accomplished  by  the  reciprocating  motion  of  the  plunger. 
The  plunger  is   sometimes   called   the   displacing  piston. 


[120.] 


IHEOUY   OF  STIELINO'S   ENGINE. 


225 


bj  aseaming  ideal  conditions,  which  will  represent  approxi- 
mately the  real  ones.  For  this  purpose  we  make  the  follow- 
ing assumptions : 

(a)  That  the  working  air  is  tliat  under  the  plunger  when 
both  the  piston  and  plunger  are  at  the  upper  ends  of  their 
strokes,  and  the  working  air  is  at  its  liighest  temperature. 

(A)  That  the  cnshion  air  remains  at  constant  temperature — 
thus  neglecting  the  fact  that  a  part  of  it  enters  the  receiver 
and  virtually  becomes  working  air. 

(6')  That  the  mass  of  working  air  is  transferred  instantly, 
and  that  the  changes  of  its  temperature  are  also  instanta- 

{<i)  The  air  in  the  clearance  at  the  lower  end  of  the  re- 
ceiver is  discarded,  but  might  be  included  in  the  cushion  air. 

Other  assumptions  will  be  made  as  the  subject  is  de- 
veloped. 

In  Fig.  53,  let  A  represent  the  state  of  the  working 
fluid  when  at  its  least  volume  and  greatest  pressure ;  in 
which  condition  the  temperature  will  be  greatest  and  the 
working   piston   will   be   at  the  bottom  of   its  stroke,  the 


F  A   PE 

^ 

S3tv^ 

._.4,i 

fp^Jv, 

'r 

volume  in  the  receiver  and  clearances  being  li  E.  As 
the  working  piston  rises,  the  plunger  remaining  at  the 
top,  the  air  will  expand  at  a  constant  temperature  to  the 
state  B,  the  path  of  the  fluid  being  the  isothermal  A  B. 
Now  let  the  plunger  be  suddenly  depressed— the  working 
air  will  at  once  be  transferred  to  the  upper  end  of  the  re- 
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To  find  the  path  of  the  cushion  air,  take  It  F-=^  A  E\ 
then,  according  to  supposition  J,  the  equilateral  hyperbola 
FJ  will  be  the  isothermal  representing  the  changes  of 
pressure  and  volume  of  cushion  air.  If  the  weight  of 
cushion  air  was  the  same  as  that  of  the  working  air,  F  J 
would  fall  upon  D  C\  but  as  it  is  generally  less,  it  is  placed 
below. 

To  construct  the  ideal  indicator  diagram,  make  AE=^RF^ 
B  N^  KG,  G  Q  =  MI,  D  U=  LI1\  then  will  E, 
^5  ^j  ^^  comers  in  the  ideal  diagram  that  should  be  de- 
scribed by  the  working  engine  under  the  conditions  imposed. 
In  an  actual  diagram  the  comers  are  rounded. 

To  find  the  efficiency,  let 

r,  =  the  highest  absolute  temperature  of  the  working  air, 

r,  =  the  lowest        "  "  "     "         "  " 

r  =  the  ratio  of  expansion. 

Since  the  gas  is  sensibly  perfect,  and  the  expansion  along 
A  B,  Fig.  53,  is  isothermal,  we  have,  for  the  heat  absorbed 
from  the  furnace,  equation  (36), 

n,  =  Er^  log^  ^  =  Br.lvffr; 

and  for  the  heat  rejected  along  CD, 

II^=z  B  r^log  --  =  R  r^log  r\ 

and  for  that  absorbed  along  I)  A  from   the  regenerator, 

equation  (37), 

J7.  =  C,  (r.  -  r,), 

and  rejected  along  B  C, 

H,  =  C,  (r,  -  r,). 

The  heats  77,  and  77"^  cancel  each  other.  In  practice  it  is 
found  that  a  certain  amount  of  energy  is  lost  in  the  regener- 
ator, afi  stated  on  page  167,  which  we  represent  by 

n  Cy  (r,  —  r,). 
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If  «  be  the  ratio  of  the  mass  of  working  air  to  that  of 
the  cushion  air,  and  r,  the  absolute  temperature  of  the  iso- 
thermal F  J.  we  have 

J?  r,  =  pf.  svf  =  pg  .  8Vgf  =  pi ,  8  Viy  &c.  (206) 

^b  =  -Wc ;      Vi  =  '^^;     i>f  ==  i^a ;     pi  =  jpc  (207) 

From  these  we  find — 


"^b   _    -iV    _    P.i 


Pressures, 


Pb 


P< 


2x    -^.        ^    -   Il^.El.. 


Vf 


Pd=   -J-i>a- 


(208) 


(209) 


Volumes  per  pound  of  the  working  air- 

T. 


v^  =  Vi  =  53.21 


iJ. 


«^  =  Vj  =  rt>,  =  63.21 


rr, 


(210) 


Volumes  of  cushion  air,  per  pound  of  working  air, 
Vr  =A£  =  (S-l)v,  =  -2^  i>„      (204),  (210).. 


V,  =  rvt    =  (gr  — 1)«^ 


«,  =^v,=  ^-^v,  =  (3-l)  --!■  «fc,  (206), (207). 


r«b 


(211) 

(212) 
(213) 

(214) 


Total  volumes, — 

^e  =  ^V  +  Vf  =  -y-  ^b' 

^n=  -^b  +  ^g  =  qo^' 

V^  =  V,  +  Vy    =   ^l+(y-l)   A) 

t,„  =  ,,,  +  t,b=(i  +  (?-i)^j^ 


^b 


b 
7* 


(215) 
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tions  per  minute  must  be  known,  in  addition  to  the  data  al- 
ready assumed.  The  number  of  revolutions  will  be  limited 
by  the  piston  speed  and  the  length  of  stroke.  The  average 
piston  speed  may  be  between  100  and  200  feet  per  minute. 
One  of  Stirling's  engines,  having  a  four-foot  stroke,  was  run, 
in  actual  practice,  at  about  28  revolutions  per  minute,  giving 
an  average  piston  sp3ed  of  about  224  feet  per  minute. 

An  air  engine,  reported  upon  by  M.  Tresca,  had  a  stroke 
of  0.4:  m.  (1.3  ft.)  and  made  about  90  revolutions  per  min- 
ute, giving  a  piston  speed  of  about  120  feet  per  minute. 

The  large  air  engines  in  the  steamer  Ericsson  had  an 
average  piston  speed  of  108  feet  per  minute. 

Let  N  =  the  number  of  revolutions  per  minute, 
S  =■  the  average  piston  speed, 
I  =  the  length  of  stroke  of  the  piston, 
h  =  number  of  horse-power  required  of  the  engine, 
W  =  the  work  required  of  the  engine  per  minute  ; 

then, 

S=2^Nl  (220) 

W  =  33000  h.  (221) 

Let  w  =  the  number  of  pounds  of  working  air  required  ; 
then,  since  the  work  done  by  one  pound  per  revolution  will 
be  theoreticAlly,  the  value  of  U  in  equation  (201),  we  have  : 

w  ^  ^.  (222) 

But  the  actual  work  U  will  be  less  than  the  theoretical, 
and  we  will  assume  it  to  be  0.7,  the  theoretical.  (In  de- 
signing it  is  better  to  assume  too  small  a  fraction  rather  than 
too  large.)     Then 

33000  A . 

"^  ""   0.7  X  122.5  (r,  -  r,)  log  r  X  ^  '        ^      ^^ 

If  /•  be  assumed,  the  weight  of  air  in  one  cubic  foot  will 
be,  (205),  (210)., 
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•  does  tlie  work  w  TJ  during  this  time,  we  have 

EXERCISES. 

1.  Let  r.  =  600*^  F. ;  r.  =  120°  F. ;  ^.  =  120  lbs.  per  sq. 
in. ;  stroke  of  working  piston,  2^  feet ;  30  revolutions  per 


minute  ;  -5— — s  =  i  =  the  ratio  of   piston   displacement 

to  plunger  displacement ;  and  5  horse-power  be  developed. 
Find 

r.  =  1060°  ;  r,  =  580°,  omitting  decimals. 

-^    =  1.83 ;  -^  =  0.55,  nearly. 

r  =  1.275,  approximately,  (219). 
Assume  q  =  1.30  ; 

then  r  =  1.25,(218). 

U  =  5693  ft-lbs.,  (201). 
J?  =  0.453,  (202). 
£:'  =  0.317,  if  0.7  K 
jPa  =  17280  lbs.  per  sq.  ft.  (given). 
v^  =  4.08  cu.  ft.,  (210),. 
Vy  —  t?e  =  2.04  feet. 
Poumh  of  air,        w  =  1.0,  nearly,  (222),  theoretical, 
or,  w  =  1.43  lbs.,*^(222«),  practical. 

'  2  336 

Sectiofi  of  plunger,  A  =  — sq.  ft.,  (224)  ;  and  if  y  =  ^, 

then 

Diameter  of  plunder  =  2.46  feet. 
Section  of  piston  B  =  1.17  sq.  ft,  (225). 
Diameter  of  piston  ^  =  1.23  feet. 
Mean  ^edive  pressure,  p^  =  2755  lbs.  per  sq.  ft.,  (226). 


(1S8.I  DKBCBIPTION. 

*'  caloric  engine,"  which  attracted  much  atteit 
from  Bcieatific  men;  but  it  was  not  a  comir 
His  efforts  at  producing  large  engines  of 
ininated  in  making  in  New  York,  in  1853,  a 
tons,  called  the  Ericsson,  in  which  the  mot«i 
four  immense  caloric  enginea.*  (For  dimeni 
cise  1,  following.)  After  experimenting  w 
gianta — gianta  in  size,  hut  weak  in  ]»ower — tl 
doned ;  but  he  produced  another  hot-air  engi 
extensively  introduced  in  various  parts  of  tl 
after  a  few  years,  many  of  them  were  remove 
hy  steam  engines.  Their  great  bulk,  the  r 
upon  their  working,  and  the  rapid  destructioi 
naces,  were  prejudicial  to  their  general  use. 
Captain  Ericsson  has  designed  a  small  he 
engine,  which  is  being  extensively  used,  thi 
which  we  will  consider, 

1S3.  DeBcription.  Fig.  55  is  an  ext^ 
small  hot  air,  Ericsson  pumping  engine,  h 
a  sectional  view  of  the  same.  Within  a  cj 
form  bore  are  two  pistons,  A  and  B,  of  w 
driving  piston  and  operates  the  mechanism  ii 
clearly  shown  as  not  to  need  explanation,  Tl 
A.  which  we  will  generally  call  the  plung> 
some  substance  which  is  practically  a  no 
heat.  Its  office  is  to  transfer  a  body  of  air  1 
below  it  to  the  space  above,  and  back  again, 
nately,  and  for  this  reason  is  known  as  the 
transferring,  piston.  In  the  position  shown, 
is  at  the  upper  end  of  its  stroke,  and  the  j 
governed  in  its  speed  by  the  crank  I,  is  movir 
and  is  driven  by  theex)>ansionof  the  air  in  tl: 

•  Jottmnl  (f  Art*  and  tkierux,  Sept.,   1888. 
f  Gaalribiitton   ta  th«  CenttHiual  Exhibition,  1875,  1 
pp.  423-S8. 
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of  the  downward  stroke  of  tlie  piston  B ;  after  which  the 
plunger  will  rise  to  the  position  assumed  at  the  beginning  of 
this  description,  during  which  the  working  air  will  be  trans- 
ferred to  the  lower  part  of  the  receiver,  and  its  temperature 
and  volume  both  increased  at  nearly  constant  pressure. 
The  mass  of  air  in  the  engine  is  constant. 

124.  Analysis,  Fig.  57  is  a  copy  of  an  indicator 
diagram  taken  from  a  small  engine  of  this  class  in  Stevens 
Institute  of  Technology.  It  will  be  seen  that  the  changes 
of  temperature  at  constant  pressure  are  clearly  indicated, 


FIG.   57. 

and  the  isothermals,  being  nearly  straight  lines,  show  that 
the  variation  of  pressure  is  small  compared  with  the  change 
of  volume. 

Assuming  that  the  change  of  state  from  that  of  constant 
pressure  to  that  of  constant  temperature  is  instantaneous, 
the  diagram  of  one  pound  of  the  working  fluid  may  be  rep- 
resented by  D  E  F  Gy  Fig.  58.  F  will  represent  the 
state  of  the  working  fluid  at  its  highest  temperature,  r^, 
greatest  volume  and  least  pressure ;  hence  the  plunger  and 
piston  will  both  be  at  the  upper  ends  of  their  strokes  in  the 
ideal  case ;  and  the  mass  of  air  below  the  plunger  will  be 
considered  as  working  air,  and  all  the  other  air  euahion  air. 
77^  will  represent  the  volume  of  one  pound  of  working  air 
at  its  highest  temperature,  and  corresponds  to  the  space 
below  the  plunger.  Let  F  Fi  to  the  same  scale  corre- 
spond to  all  the  space  above  the  working  air;  then  will 
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I F^  correepond  to  the  entire  volume  of  the  cylinder  per 
pound  of  working  air.  The  cushion  air  being  supposed 
to  remain  at  the  inferior  limit  of  temperature,  take  I L  = 
F  F\  and  construct  the  isothermal  L  K  for  the  temperature 
T„  to  represent  the/>a^A  of  the  cushion  air.     Make  i?/?i  = 


FIG.  58 


FIG.  69. 


HK^  EE,,  G  0,^  IL\  then  willi>,  E,  F,  G,  be  the 
real  indicator  diagram  of  the  engine.  If  />,  falls  to  the 
left  of  F^  the  piston  at  the  lower  end  of  its  stroke  will  pass 
into  the  space  occupied  by  the  working  air  at  its  greatest 
volume. 

Let  r,  be  the  absolute  temperature  of  the  isothermal  E  F^ 
and  r,  that  of  D  G^  and  C^  the  dynamic  specific  heat  of  air 
at  constant  presanre;  then  will  the  heat  absorbed  per 
pound  of  air  be,  from  state  D  to  state  Ey 

II,  =  C;  (r.  -^  r,)  ; 
along  E  F, 

=  R  r.,  log,  r,  Eq.  (36) ; 
along  /'^  G, 

-//.=  -  6;(t.  -r.); 
along  6r7>, 

lienee,  the  work  done  per  pound  of  air  per  revolution,  if 
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the  conditions  were  perfect,  would  be  tlie  enin  of  Uiese,  or 
U  =  122.5  (T,  -  r.)  %„r..  (227) 

£^Gieney  of  fluid  with  perfect  regenerator, 
fT"        r,  -  T, 

or  the  efficiency  would  be  the  eame  ae  that  of  the  perfect 
elemeutary  engine.  There  being  no  regenerator,  the  effi- 
ciency of  fluid,  if  working  perfectly  without  radiation,  will  be 

If  all  the  losses  due  to  radiation  and  the  refrigerator  be 
repreflented  by  n  C^  (r,  —  r,),  then  the  efficiency  would  be 


-ir, +  184,(r,-r,)-  >"'""' 

The  value  of  n  ianot  known,  but  will  exceed  unity  in  this 
claes  of  engines,  especially  with  very  elow  speed. 

In  this  analysis,  the  pressure  at  state  G  will  be  assumed 
to  equal  that  of  the  atmosphere,  although  it  may  be  some- 
what less,  as  shown  in  Fig.  57 ;  then  if 

j)^  be  the  pressure  per  square  foot  of  the  atmosphere,  r, 
its  absolute  temperature,  and  «,  tlie  volume  of  a  pound  ; 
then 

p^v^  =  Ji  r.,  (2) ;  (22!)) 

.  ■ .  V.  =  53.21  -!i 

Let^  and  «,  with  subsenpts,  as  in  Article  120,  represent 
respectively  the  pressures  and  volumes  at  the  corresponding 
states;  then 

Pt  =  P''    A  ■".  =  -^  ^1 ;  (230) 

»     T,  T, 
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Mean  Mat  forward  pressure — 

_  w.  -  «.  +  V.  %  r 

(238) 

^-                «r,  -  -"..             ■^' 

Mean  back  pressitre — 

P.=P.-P,- 

(239) 

GreaUit  vol.  worltiwj  aif                v,         „oaJ„ 

(240) 

Piston  displacement  Vf,  —  Mj, 

Let 

N  be  the  number  of  revolntiom  per  minute, 
S,  the  average  piston  speed, 
I,  the  length  of  stroke  of  the  working  piston, 
W,  the  work  in  foot-pounds  developed  by  the  piston 

per  minnte, 
JIP,  the  horse-power  developed  per  minnte, 
w,  the  pounds  of  working  air  per  revolution, 
A,  the  area  of  the  working  piston  ; 
then 

S=  ^Nl; 

W=  33000 //P;  (241) 

W=  w  V  N=  2p,lA  JV.  (242) 

If  the  isothermals  are  so  nearly  right  lines  that  they  may 

be   conradered   as  straight,  the   indicator  diagram  may  be 

treated  as  a  trapezoid  ;  hence,  its  area,  referring  to  Fig.  58, 

will  be 

GJ'''x  111=  G,F,  X  Jrr-, 

or,     iv,  -  V,)  ip,  -  p,)  =  53.21  (r,  -  r,)  (r  -  1),     (243) 
for  the  work  done  per  pound  of  air  per  revolution, 

EXERCISES. 
1,  In  the  steamer  Ericsson,  there  were  four  single-acting 
working  cylinders,  producing  an   aggregate  of  300  horse- 
power, as  determined  by  an  indicator.     The  pistons  were 
14  feet  in   diameter ;    length   of   stroke,   6   feet ;    revolu- 
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ing  air  which  is  subjected  both  to  the  refrigerator  and  fur- 
nace, the  working  air  will  be  less  in  volume  than  that  of  the 
plunger-displacement;  but  the  relation  cannot  be  deter- 
mined with  accuracy.^  As  nearly  as  we  can  determine  in 
this  engine,  we  have 

^''  ""  ^^'  =  0.75,  Eq.  (240).  (243a) 

Assume  r.  =  520 ;  T,  =  130°  F. ;  T.  =  720°  F. ;  total 
air  volume  per  pound  of  working  air  at  its  greatest  vol- 
ume, J  =  1 . 2  ;  and  50  revolutions  per  minute. 

Find  :— 

r,  =  590 ;  r.  =  1180  -,  r^^  r^=:  590  ;  -'  =  0.5. 

Greatest  vol.  of  a  pound  of  working  air, 

(233),  cu.  ft Vf  =  29.67. 

Greatest  total  volume,  (235), i^f,  =  35.60. 

Least  total  volume,  (235).,  or  (243a) v^i  =  11.35. 

Volume  swept  through  by  the  piston  per 

pound  of  working  air  per  stroke,  (243a), 

cu.  ft Vf,  —  Vd,  =  24.25. 

Ratio  of  expansion,  (235),  or  (236) r    =      1.8. 

Work    per    lb.  of    air    per    revolution, 

(227),  ft. -lbs Z7  =  18450. 

M.  E.  P.,  (237),  (243a),  (233),,  lbs.  per 

sq.  ft.  double  stroke .' . .  P^  =-  414.6. 

JT.  E.  P.  for  the  single  working  stroke 

of  air,  lbs.  per  sq.  ft i>«  =  829.2. 

M.  E.  P,^  for  the  single  working  stroke 

of  air,  per  sq.  in /^'b  =    5.76. 

Area  of  working  piston,  sq.  in 28.2744. 

Work  per  revolution,  ft.-lbs. .  ^^'^I^i^  ^^'  ^^9.7  =  33.92. 

Work  per  minute,  ft.-lbs 50  X  33.92  =  1696. 

Horse-power 1696  -f-  33000  =  0.051. 
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The  manufacturers  guarantee  that  this  size  of  pump  will 
raise  200  gallons  of  water  per  hour  50  feet  high  with  18 
cubic  feet  of  gas.     This  would  give  an  effect^ial  work  of 

200  X  —  X  —  X  624  =  1383  foot-pounds.    This  is  more 

than  twice  the  amount  found  by  the  experiment  above 
cited ;  but  a  part  of  the  difference  may  be  due  to  the  fact 
that  more  gas  is  required  than  was  consumed  in  the  experi- 
ment, the  quality  of  the  gas,  the  condition  of  the  engine, 
etc. ;  and  the  remainder — if  any — to  the  art  of  advertising. 

A  very  small  power  steam-engine  with  furnace  and  boiler 
may  require  from  8  to  12  pounds  of  coal  per  horse- 
power per  hour,  giving  an  indicated  efficiency  of  some  2 
per  cent,  more  or  less.  The  hot-air  pumping  engine  is  used 
not  on  account  of  its  superior  efficiency,  but  on  account  of  its 
greater  economy  and  safety— there  being  no  danger  of  ex- 
plosion, and  requiring  but  little  expense  for  attendance. 

125*  Ratio  of  expansion  to  give  a  maximum 
mean  effective  pressure.  A  general  solution  cannot  l>e 
made.  We  will  assume  some  elements,  and  thus  illustrate 
the  process  for  a  particular  case. 

Let  y  =  1.3 ;  ^''~"^''  =  0.8;  m  =-^« ;  and  let  12^  cubic 

Vf  r, 

feet  of  air  weigh  a  pound. 

Tlien,  (236) 

m  =  0.5  /•  —  0.3. 

With  these  conditions,  and  equations  (227)  and  (237), 
we  have 

122.5 


'   t 


<  n^ 


p*  = 


20 


T,  (1.3  -  0.5  r)  log  r. 


(244) 


which  is  a  maximum  for  r  =  1.69,  as  may  be  found  by 
triaL    The  corresponding  value  of  m  will  be 

m  =  0.545. 
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GAS  ENGINES. 

127.  A  gas  engine  is  a  hot-air  engine  in  which  the 
cylinder  containing  the  working  air  is  also  the  furnace,  heat 
being  produced  by  the  rapid  combustion  of  the  fuel  in  the 
cylinder— so  rapid  as  to  be  called  an  explosion.  The  fuel 
is  an  inflammable  gas.  When  the  piston  is  moving  back- 
ward in  its  stroke,  air  and  gas  are  drawn  into  the  cylinder, 
and,  at  the  proper  time,  the  gas  is  ignited,  an  explosion 
takes  place,  the  air  is  suddenly  heated  and  a  high  pressure 
produced ;  after  which  a  part  of  the  energy  thus  developed 
is  imparted  to  the  piston  during  the  remainder  of  the  stroke, 
and  the  other  part  is  forced  out  of  the  cylinder  at  the  ex- 
haust. 

The  two  most  prominent  systems  which  have  been  de- 
veloped are :  one  in  which  the  charge  is  fired  with  every, 
revolution,  when  the  cylinder  is  about  half  full  of  air  and 
gas ;  the  other  at  each  alternate  revolution,  when  the  piston 
is  near  its  remote  dead  point.  In  the  former,  the  energy 
developed  can  act  on  the  piston  during  only  about  one  half 
of  a  single  stroke ;  while  in  the  latter  it  will  act  during 
nearly  the  whole  stroke ;  so  that  the  latter  ought  to  be,  as  it 
is  found  to  be  in  practice,  much  more  efficient  than  the 
former.  Fig.  60,  page  238,  illustrates  an  ideal  diagram  of 
the  former  engine. 

In  nearly  all  the  more  recent  gas  engines  the  piston 
draws  in  tlie  charge  of  gas  and  air  during  a  full  backward 
stroke,  then  compresses  it  during  the  next  forward  stroke ; 
and  when  just  past  the  next  dead  point  the  gas  is  ignited 
and  the  piston  is  driven  by  the  energy  thus  developed  dur- 
ing the  next  backward  stroke,  and  during  the  next  forward 
stroke  the  products  of  combustion  are  forced  out ;  thus  requir- 
ing two  revolutions  to  complete  a  cycle.  These  are  trunk 
engines.     Gas  engines  are  made  which  take  a  charge  at 
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both  ends  of  the  cylinder  and  thus  resemble  double-acting 
engines,  although,  in  reality,  there  is  only  one  explosion 
during  each  revolution.  Others,  like  the  Clerk  engine, 
compress  the  charge  in  an  auxiliary  cylinder  which  is  fired 
in  one  end  of  the  working  cylinder  with  every  revolu- 
tion. Thus,  while  the  steam-engine  has  been  improved 
by  passing  from  single  acting  to  double,  quadruple,  &c., 
acting  during  each  revolution,  the  gas  engine  has  been  im- 
proved by  passing  from  double  to  single  acting  during  each 
revolution,  and,  finally,  to  one  action  during  a  bi-revolution. 
128«  History.  The  origin  of  the  gas  engine  is  not 
definitely  known.  It  appears  to  be  an  outgrowth  of  an  eflEort 
to  use  gunpowder  as  the  fuel,  wliich  substance  was  sug- 
gested for  this  purpose  as  early  as  1680  by  the  celebrated 
Huyghens.  The  gas  engine  proper  was  first  patented  in 
England  more  than  a  century  later,  1794,  and,  although  in 
the  years  following  there  were  many  improvements  and 
many  patents,  yet  it  became  of  no  practical  value  until  about 
1860,  during  which  year  M.  Lenoir  constructed  in  Paris  the 
first  gas  engine  that  was  actually  introduced  into  public  use ; 

and  during  the  five  years 
immediately  following  several 
hundred  were  used  in  France. 
It  was  patented  in  England 
by  J.  H.  Johnson.  It  was  of 
the  non-compression  type,  and 
in  its  external  appearance  re- 
sembled the  ordinary  double- 
actingsteam-engine.  The  charge 
was  fired  at  each  end  during 

FIG.    61. 

each  revolution.  It  contained 
no  new  principle,  and  its  success  was  the  result  of  the  care 
and  thoroughness  with  which  the  details  were  worked  up. 
A  section  is  shown  in  Fig.  61.  Fig.  62  is  an  indicator 
diagram  taken  from  a  two  horse-power  engine  of  tliis  class, 


|I28.]  HISTORY.  249 

as  eliown  in  the  Journal  of  the  l^rankUn  Instiiuit?,  Vol. 

LL,  1866,  Feb.,  p.  176. 
The  lengtli  of  the  line  A  B,  Fig.  62,  represents  tlie  length 

of  stroke  of  the  engine,  while  the  line  itself  is  the  atnrns- 

pherie   line.      Three   lines    are   traced 

representing  the  action  at  one  end  of 

the    cylinder    during   six   revolntions. 

From  A  tob  the  chai^  was  taken  in  at    ; 

sttnospheric  pressure,  but  from  b  to  e,  p      «" 

the  inlet  valve  being  partly  closed,  the 

preBSure  fell,  and  at  c  the  valve  closcil,  the  charge  was  fired 

and  the  pressure  suddenly  raised  ;   and  the  energy  thus  de- 
veloped drove  the  piston  to  the  end  of  its  stroke.     During 

the  return  stroke  the  producta   of  combustion  are  driven 

out  at  atmospheric  pressure. 

In  lSfi7   Otto   and  Laugen   exhibited   their  free  piston 

engine,  of  which  Fig.  63  is  an  external  view  of  one  of  this 
class  in  Stevens  Institute.  The  princi- 
ple was  not  new,  but  its  details  were  so 
well  worked  up  that  it  became  a  com- 
mereial  success.  It  acts  by  drawing  in  a 
charge  of  air  and  gas  during  the  first 
few  inches  of  its  stroke,  then  the  valve 
is  closed,  the  charge  fired,  and  the  pis- 
ton, which  is  free,  is  shot  upward,  and  a 
partial  vacuum  formed  within  tlie  cylin- 
der, while  the  pressure  of  the  atmos- 
phere on  the  piston  gradually  brings  it  to 
rest  and  then  forces  it  downward.  Dur- 
0B.u<ivr~t-.B^  ing  the  downward  motion  a  pawl  on  the 
Tio.  68,  piston  rod  engages  a  ratchet  on  the  main 

shaft,   thus  imparting '  to    the    latter   a 

rotary  motion,  which  is  rendered  nearly  uuifonn  by  the  flv- 

wheel. 

■  The  idea  of  compressing  the  charge  before  explosion  was 
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mentioned  as  early  as  1801,  hut  tlie  eystem  now  generaUy 
osed  was  patented  by  Barnett,  an  Englishman,  in  1838,  and 
by  Million,  a  Froncliman,  in  1861,  and  further  developed 
by  M.  Beau  de  Rochas  in  France  and  Sir  C.  W.  Siemens 
in  England,  both  in  1862.  The  advantages  of  conipreseioB 
became  fully  recognized  by  this  time,  and  the  principle  has 
been  incorporated  into  nearly  all  gas  engines  constructed 
since  that  date.     > 

In  1876  M.  Otto  produced  his  "  Otto  Silent"  en^ne, 
which,  for  smoothness  and  quietness  of  running,  and  the 
economy  in  the  use  of  the  gas   fuel,  far  exceeded  all  pre- 


vious inventions  of  this  class  of  engines,  and  in  less  than  ten 
years  after  its  invention  it  is  claimed  that  15,000  were  sold. 
Ho  new  principle  was  incorporated,  the  success  being  en- 
tirely dependent  upon  the  skilful  nse  of  the  principles  de- 
veloped by  others.  Fig.  64  is  an  external  view  of  an  "  Otto," 
used  in  making  experiments  in  Stevens  Institute. 

Successful  gas  engines  of  many  varieties  are  now  used. 
At  tlie  American  Institute  Fair,  in  the  fall  of  1887,  six 
different  types  vere  exhibited  by  as  many  different  invent- 
ors ;  among  which  was  an  "  Otto"  containing  the  meet 
recent  improvements,  some  of  whicli    were  exceedingly 
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ingeniona,  and  a  "  Baldwin"  of  recent  invent 
silent  running  and  ttnifomiity  of  motion  see 
tliat  could  be  desired.  All  these  engines 
eeinbled  the  modem  horizontal  eteam-engir 
gines  of  tliis  class  are  dnplex,  some  vertica 
horizontal. 

The  great  improvement  made  in  tlie  gas  < 
ingly  illnstrated  by  the  fact  that  the  first  su 
Lenoir's,  consumed  abont  100  cnbic  feet  of  ga* 
horse-power  per  hour,  while  an  Otto  has  consi 
2l>  cubic  feet  for  the  same  power.  Some  i 
engines  consumed  more  tlian  KlO  cubic  feet, : 
ones  more  genemlly  require  abont  24  cubic  ft 
est  figure  given  above  was  for  a  rich  gas  anc 
engine. 

129.  Some  details.  Between  the  pist 
point  and  the  end  of  the  cylinder  is  a  space  n 
by  the  piston,  called  the  (fmthuition  vhavibcT 
of  which  is  0.4,  more  or  leas,  of  the  entire  i 
cylinder. 

Thj  fly-wheel  is  large  compared  witlithepo 
to  insure  more  uniform  running.  The  speed 
lated  in  part  by  a  governor,  which  operates 
different  engines.  In  some  it  cuts  off  a  part 
of  gaa  with  each  cliarge;  in  others  it  cuts 
charge  until  the  speed  is  properly  reduced 
others  it  closes  the  exhanet  so  as  to  retain  a 
the  products  of  combustion  of  tlie  previous  ( 
preventing  a  full  charge  of  Ivoth  air  and  gas  t 

The  gas  is  ignited  in  various  ways.  A  flai 
temal  to  the  cylinder,  communicating  with  th 
small  orifi(«  covered  by  the  piston  until  the  c 
in  and  then  uncovered  during  its  regular  strol 
to  be  efficient.  The  orifice  may  be  so  small 
open  during  the  explosion,  but  in  the  more  i 
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at  the  instant  of  explosion,  and,  as  Mr.  Clerk  says,  are 
merely  averages ;  and  it  may  be  taken,  that  coal  gas  mix- 
tures with  air  give  upon  explosion  temperatures  ranging 
from  800°  C.  (1500°  F.  nearly)  to  nearly  2000°  C.  (3600° 
F.),  depending  upon  the  dilution  of  the  mixture.  Since 
cast  iron  will  melt  when  subjected  to  a  prolonged  heat  of 
about  2000°  F.  (p.  89),  the  heat  of  explosion  would  de- 
stroy the  working  surface  if  it  were  not  cooled  by  some 
artificial  means;  but  with  the  means  employed,  cylinders 
have  been  used  for  years,  and  a  wearing  surface  main- 
tained as  perfect  as  in  the  steam-engine.     The  glow  result- 
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FIG.   65. 


ing  from  the  explosion  has  been  observed  by  inserting  in 
the  cylinder  a  small  tube  containing  a  strong  glass  through 
which  one  could  look. 

130.  Theory.  We  will  consider  the  bi-re volution 
compression  system.  Fig.  65  is  an  actual  indicator  diagram 
taken  from  a  10  horse-power  Otto  engine  during  an  experi- 
ment in  the  Institute,  except  that  we  have  added  the  part 
A\  C  B  \o  represent  the  combustion  chamber,  and  reduced 
the  linear  dimensions  one  half.  It  is  a  fair  sample  of  many 
others  that  were  taken.  A  D  \&  the  atmospheric  line,  1  D 
the  stroke  of  the  piston,  A  1  the  clearance,  2  5  the  com- 
pression line,  5  C  the  explosion  line,  C  7  the  expansion  line. 
The   explosion  is  nearly,  but  not  quite,  instantaneous,  as 
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be  constant,  and  the  same  for  the  curve  of   expansion  as 

for  compression, 

r        r 

—  =:-—• 

r   —  T         r  T 


^.  -  »■«        r,         To 


.  E= 


according  to  which  it  appears  that  the  efficiency  depends 
only  upon  the  ratio  of  the  temperatures  just  before  and  just 
after  compression — or,  generally,  upon  the  temperatures  at 
the  extremities  of  either  adiabatic,  but  otherwise  is  inde- 
pendent of  the  temperature  of  the  explosion. 
Th'C  work  per  pmind  will  be 

l\^..  =  //;  -  //,  =  C,  [  (r.  -  r,)  -  (r,  -  r.)  ].     (247) 
To  find  this  work  in  terms  of  p  and  i;,  we  have  pv  ^=-  Rr9J^ 
in  equation  (2),  and  ^  =  (y  —  1)  Cv,  as  in  the  answer  to  Ex- 
ercise 7,  page  59 ;    .  • .  C'y  To  =   -^^  ^" ,  as  at  the  top  of  page 

r  —  1 

65,  and  similarly  for^„  ^„  r„  &c. ;  hence, 

1 

^ib.  =  yzr\  (^»  '^»  -  i'.  '«^.  -  i^o  V,  +  J?,  ?\).      (248) 

This  may  be  further  reduced  by  means  of  equation  (42), 
and  making  U^  =  f"n,  ~  i;,  =  the  work  done  per  cubic 
foot  of  the  mixture,  /•  =  i^,  -j-  v„  the  ratio  of  expansion, 
and  /?,  =  /?,  r^,  we  have 

r«=£Ljz^.  i:rzl:zi.  (249) 

Y  —  1  r^ 

The  mean  elective  pressure  on  a  square  foot  of  the  pis- 
ton, or  the  energy  developed  per  foot  of  volume,  distrib- 
uted over  four  strokes,  will  be 

^.=.^-^^,  =  iAf-  (250) 

"t^V^  —  t\)         /•  —  1 
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The  efficiency  of  tlie  explosion,  or,  aa  we  may  say,  the  effi- 
ciency of  the  furnace,  is  not  perfect,  Experimenta  made 
by  Mr.  D.  Clerk  in  closed  vessels  of  fixed  volume,  on  the 
eupposition  that  the  absolute  temperature  varied  as  the 
al^lute  pressure  at  constant  volume,  found  that  tlie  heat 
evolved  varied  fi-om  50  to  60  per  cent  of  the  theoretical 
{The  Gas  Engine,  p.  182) ;  the  latter  being  nearly  tlie 
highest  value  found  in  any  case,  while  in  many  cases  it  is 
considerably  less  than  the  former.  Thus,  for  a  mixture  of 
air  and  Oldham  gas,  he  found 

Fraction  of  gas,  vol.  ^,    -^,     ^,     jV       h       \ 

Heating  efficiency     0.40,  0.48,  0.50,  0.46,  0.40,  0.37. 

Tliis  shows  that  the  furnace  efficiency  diminishes  with 
the  richness  of  the  gas  when  the  gas  exceeds  ^  of  the  vol- 
ume of  the  mixture  {ibid.,  p.  113).  The  table  in  Article  128 
shows  that  the  efficiency  in  tliat  case  varied  from  a  little 
below  to  a  little  above  50  per  cent,  when  the  initial  temiwra- 
ture  was  17°  C,  The  initial  temperature  in  the  engine 
will  be  considembly  above  this,  which,  added  to  the  facte 
that — the  pressure  in  tlie  cylinder  may  be  less  than  that  of 
the  atmosphere — a  part  of  the  products  of  combustion  will 
be  retained — possible  leakage — and  imperfect  action — make 
it  advisable,  in  tlie  absence  of  actual  measurements,  to  con- 
sider the  efficiency  of  the  explosion  as  not  more  than  0.45 
of  that  indicated  by  the  chemical  composition.  The  cause 
of  the  large  difference  between  the  theoretical  and  actual 
heat  developed  is  not  well  known.  It  is  found  that,  gen- 
erally, the  best  results  are  obtained  when  the  volume  of 
air  is  6  or  7  times  that  of  the  gas,  so  that  the  volume  of 
the  gas  for  each  charge  will  be  ^  oi"  J  of  the  volume 
swept  over  by  the  piston  in  one  nirole. 

133.  To  And  the  work  and  efficiency  in 
terms  of  the  theoretical  energy  of  the  gas. 
Let  k,  be  the  energy  of  the  gas  in   thermal  units,  devel- 
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,w  =  1.335.  Professors  Ayrton  and  Perry,  by  an  experi- 
ment which  they  confess  was  not  as  accurate  as  the  above, 
found  for  the  expansion  curve,  x  =  1.479,  and  for  tlie  com- 
pression curve,  X  =  1.304.*  These  results  show  that  it  is 
much  more  nearly  adiabatic  than  isothennah  The  value  of 
y  used  in  our  analysis  should  be  less  than  1.4,  the  value  for 
air,  because  the  presence  of  the  hydrocarbon  of  the  mix- 
ture will  reduce  the  ratio  of  the  specific  heats ;  but  since 
the  quantity  of  air  predominates,  we  may,  in  the  absence  of 
actual  measurements,  use  y  =  1.4.  Air  behaves  so  nearly 
like  a  perfect  gas  that  this  value  would  be  practically  con- 
stant, even  for  the  highest  temperatures,  if  the  expansion' 
were  adiabatic. 

134«  Experimental  results.  Messrs.  Brooks  and 
Steward,  during  the  summer  of  1883,  made  a  thorough  test 
of  an  Otto  engine,!  from  which  we  make  the  foUoMdng 
abstract.  Dimensions  of  the  cylinder,  8^  inches  diameter,  14 
inches  stroke.  The  air  and  gas  used  in  mixtures  were  both 
measured  by  a  gas  metre,  and  it  was  found  that  when  the 
volume  of  air  used  was  7.1  times  that  of  the  gas,  the  best 
indicated  results  were  obtained.  The  diagram  taken  during 
the  19th  test  is  shown  in  Fig.  65,  with  the  linear  dimensions 
reduced  to  one  half  their  original  value.  During  this  test 
it  was  found  that : 

Vol.  air        n  no  .           Weight  of  air       iq  no 
-,-_ =  b.63  ;  \     '  =  13.68. 

voL  gas  Weighz  oj  gas 

About  one  haix  the  heat  of  explosion  was  carried  away  by 
the  water  jacket.  The  temperatures  were  computed  by 
means  of  equation  (2),   the  volumes  and  pressures  being 


•  Phn.  Mag.,  1884,  (2).  eS. 

f  Oraduation  Them  at  Steteru  Institute  of  Teehnoloffy,  1888 ;    Van 
Nostrand's  Enffineering  Magazine,  1884,  Feb.,  pp.  00-104. 
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Br  voliim 

H Hydrogen !»5 

CH, MarehgaB H73 

N Niirogen 082 

CiH,,  Average...   .Hwivy  hydrocarbons 066 

CO Carbonic  oxide 048 

O Oxygen 014 

H,0,.CO,,H,8,&c..Irapuriiie3,  &c 027 

1.000 


C.II.,  AVe  .066     X 


11,0,.  &c.    ,027 


tollowB : 

Clortoi.                           Clorte*. 
from  H               29060     X     .OW     =     1020 
■'      CH,           11710     X     .2M     =     8030 
■■     C,H.,&c.  11000    X     .121     ^    1330 
•■      CO              2400     X     .052     =       125 

porcTi 
and  per  ki)og.  gns  -' ,jjj^-  =  M70  cilories. 

1.  m.  5405c. 

Expresacd  in  Brilisli  mensures,  oni;  culiic  fm 
bent  units. 

■t  of  gas  devel 

AlK   NKCESaART   FOR    COMPI.KTF.    COMKUBTION 
COHBUBTIOS. 

AND  THE  Pro 

In  order  to  determine  llie  amount  of  air  to  be  supplied  tor 

•  Sohdttler:  Die  GanmaKlune,  p.  77.  By  "■denslly"  Is  i 
neigLt  of  one  cubic  metre  in  kilogrammes.  As  will  be  seen 
aliove,  one  cubic  metre  of  the  gas  iu  question  weigLs  0.606  kil 
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SiDoe  air  weighs  1.251  kilos,  per  cu.  metre,  the  nt 

^x^rir -■"""•=«-' 

Prom  the  combustion  o[  1  unit  weight  o(  gae  with 
suits  18  26  units  weight  of  a  mixture  the  composition 

(  (CH.) 426  XV  = 

CO,  ■!  (CJI.) SOU  X  V  = 

(  (CO) 086  X  V  = 

(  (H) 058X    9  = 

H,0-<  (CH.) 426  X    1  = 

(  (CH.) 200  X    t  = 

yj  {  from  the  ntr 

"  }  ingsailself 

Impurities  In  gu 


Pet  unit  weight  of  mixture  the  composition  will  be 

CO, 

H,0 

N 

Impurities 


The  volume  which  18.27  kilos,  of  products  of  com1 
is  found  from  the  known  volumes  of  the  constituent  ( 
to.  m.  ptt 
kilo,.       kilo.      CB.  m. 
CO,    I.»8  X  .624  =  1.011 
■    H,0    1.T4  X  1.28  =  2.227 
N       9.67  X  .828  =  7.876 
Impurities    .08  X  ~.»    =    -027 

11.141 
The  products  of  combustion  then  occupy  11.141  cu, 
of  gas.  To  And  the  ratio  per  cu.  metre  of  gas  we  ha' 
pty  by  .006  the  number  of  kilos,  in  a  cubic  metre,  i 
the  result.  As  there  is  necessary  6.94  cu.  m.  of  mixt 
to  every  cu.  m.  gas,  it  is  seen  that  hy  combustion  a 
per  cent  takes  place. 

When  there  Is  an  excess  of  sir  present,  as  is  alwftyf 
tice,  the  contraction  becomes  less  in  proportion,  and 
to  be  about  2  per  cent.  In  the  following  thermodyti: 
no  account  Is  taken  of  this  contraction. 
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B.  T.  U.,  volnme  of  working  air  7  times  tliat  of  tl 
weiglit  of  gaa  say  ^'y  of  that  of   the  air,  efficiency 
furnace    0.60   of  tlie   tlieoretical,    y  =  1.38.     (The 
approximately  the  conditions  of    tlie    engine  and 
Brooks  and  Stewart's  experiments.) 

We  find- 
Area  of  the  piston,  sq.  in = 

Piston  displacement  per  stroke,  cu.  ft = 

Vol.  of  air  taken  in  each  fourth  stroke,  J  of  0.46  = 

Pounds  of  air  for  eacli  charge 0.402  X  0.08  = 

Pounds  of  gas  for  80  chai^^es. .  .-^  X  O.032  X  80  = 
Work  per  lb.  gas,  eq.  (257),  ft.-Ibs 0.60  X  778 

X  16326  [1  -  0.38''-»8] =  2£ 

TTJw  t      *i     A  IK  n  2344970  X  0.15 

IHP.  for  tlie  0.15  lbs.  gas    ^ — = 

^  33000 

Indicated  efficiency,  (258) £  = 

If  m  =  0.55  we  would  have : — 

Indicated  HP.  for  0.15  lb.  gas = 

Indicated  efficiency E  = 

These  last  results  agree  very  nearly  with  the  meast 
suits  of  Brooks  and  Stewart — tlie  horse-power  bei 
sam«  and  the  efficiency  about  one  per  cent  less  tha 
best  result. 

2.  Required  the  horse-power,  efficiency,  pounds  of 
of  gas  per  minute,  of  a  gas-engine  having  a  lU-incI 
der,  16-iucli  stroke,  making  150  revolutions  per  i 
charge  every  fourth  stroke,  combustion  chamber  0.4 
volume  of  the  whole  cylinder,  heat  of  combustion 
pound  of  the  gas  18000  B.  T.  U.,  volume  of  work: 
6}  times  that  of  the  gas,  weight  of  the  gas  0.55  tha 
equal  volume  of  air,  12i  cubic  feet  of  air  to  weigh  a 
efficiency  of  furnace,  0.50,  and  y  =  1.4. 


engine  in  precisely  ths  same  manner  as  if  it  were  steam ; 
and  the  Uiw  of  ita  action  in  tlie  engine  is  precisely  the 
eame  as  steam,  ae  may  be  inferred  from  Fig.  68,  which  is  a 
copy  of  an  indicatfir  diagram  taken   by  Doty  and  Beyer, 
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in  the  experimenta  referred  to  be- 
low. The  ratio  of  expaneion.  as  here 
shown,  is  about  2,  but  it  may  be 
varied  at  pleasure.  The  drop,  when 
the  exhaust  opens  at  the  end  of  the 
stroke,  is  sudden,  and  the  back  pres- 
sure and  compression  lines  are  good. 
The  depreatjion  of  the  steam  line, 
showing  initial  expansion,  is  prob- 
ably due  to  the  setting  of  the  valve, 
sinL-e  the  diagram  from  one  of  the 
cylinders    was    free    from  this  de-  ^^-  *'• 

feet. 

If  the  diagram  be  freed  of  its  irregularities  and  of 
compression,  it  would  he  analyzed  precisely  Uke  the  steam- 
engine,  and  the  solution  in  Articles  110,  111,  and  112  would 
be  applicable.  Probably  Article  110  represents  the  case 
more  nearly,  since  the  cylinders  are 
very  near  the  boiler,  and  receive  heat 
continually  from  it  But  the  analysis 
cannot  he  carried  out  nnraerically,  since 
-J"  the  physical  properties  of  Naphtha  are 

not  suflSciently  well  known.  The  latent 
heat  of  evaporation  at  varying  pressures  is  not  known, 
nor  tlie  value  of  R  in  the  equation  p  v  =  R  r — if 
indeed  it  is  constant  for  the  vapor.  We  will,  however, 
after  giving  the  results  of  some  experiments,  make  an  ap- 
proximate solution. 

136.  Bxperiments.  Messrs.  Doty  and  Beyer  made 
experiments  upon  a  nuplitlia  engine,  of  which  the  following 
is  a  summary  of  their  report  :* 

Three  single-acting  trunk  engines  were  connected  to  the 

*  Oraduati^a  T^etiiofPa\i\  Dotjrnnd  Richard  Beyer,  fllevcus  Institute 
of  Technology,  Hoboken,  1888.     Uu  Iron  Age,  July,  188a 
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crank  sliaft,  the  cranks  making  successive  angles  of  120^ 

with  each  other.     The  lower  ends  of  the  coils  constituting 

the  boiler  were  connected  with  the  pump,  and  the  upper 

ends  entered  a  common  chamber. 

Diameter  of  cylind<;rs,  each  3^  inches. 

Stroke  of  pistons,  each 4^      ** 

Piston  displacement,  each 37i  cu.  in. 

Admission  ports,  each J^  x  2^^  inclies. 

Exhaust  ports,  each -f^  x  2t\»- 

Diaraeter  of  pump 1^ 

Stroke  of  pump 1| 

Travel  of  main  valves,  each f 

Clearance  of  cylinders,  each 1.8C  cu.  in. 

or  5^  per  cent  of  piston  displacement. 
Boiler,  seven  spirals  of  four  coils  each. 

Coils,  copper  tubing  outside  diam | 

Height  and  diameter  of  coils,  each 12 

Burner  had  26  openings,  diam.  of  each ^^ 

Heating  surface 12  sq.  ft 

RESULTS. 

Average  revolutions  per  minute,  number 280.7. 

Total  Indicated  HP.  from  the  three  cylinders 2.81. 

Mean  effective  pressure,  lbs.  per  sq.  in.,  about 35. 

NapliUia  burned  per  IHP.  per  hour,  lbs 3.53. 

Price  of  naphtha,  June  5th,  cents  per  gallon 10. 

Cost  per  IHP.  per  hour,  cents 6.2. 

Heating  surface,  square  feet  per  IHP 4.8. 

Water  used  to  condense  the  exhaust  naphtha,  lbs.  per  IHP.   |)er 

hour 25594. 

Increase  of  temperature  of  condensing  water,  degrees  P 3.9. 

Naphtha  passing  through  condenser  per  hour,  lbs 421. 

Temperature  of  the  stack,  degrees  F.,  about 685. 

Specific  gravity  of  the  naphtha,  that  of  water  being  unity 0.688. 

One  gallon  weighed,  ix)unds 5.69. 

Assuming  that  the  vapor  was  saturated,  three  elements  of 
this  data  give,  for 

the  latent  heat  of  evaporation  z=z  ^1—1 — ^  =  237 

tliermal  units,  at  atmosj)heric  pressure. 
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r  to  determine  the  relation  between  the  t«mpera- 
preseure  of  saturated  vapor,  these  experimenters 
special  thennometer  witli  which  they  determined 
rature  of  the  vapor  in  the  steam  chest,  and  at  the 
determined  tlie  pressure  by  means  of  a  pressure 
liese  measurements  gave 

35  Il>s.  gauge  pressure  a  temp,  of  225°  F. ; 
47    "       "  "        "     "        "  2+2°  F. ; 

60    "       "  '•        "     "        "  258°  F. 

iting  in  equation  (80),  page  97,  these  values  of  p 
>  their  equivalent  in  pounds  per  square  foot,  and 
^ponding  temperatures  reduced  to  the  absolute 
finding  the  values  of  A,  B,  C,  we  have 


7g  B  =  2.949092 ;        log  C  =  5.796469. 

=  2116.2  this  formula  gives  t  =  602.62°  or  T 
'  F.  Naphtha  has  not  a  fixed  boiling  point.  In 
nent  it  began  to  boil  at  60°  C,  and  as  the  moro 
arts  passed  off,  the  temperature  gradually  in- 
id,  in  the  course  of  twenty  minutes,  it  raised  to 
iving  a  mean  of  64°  C.  =  147°  F.  The  value 
the  formula  agrees,  approximately,  with  the  lower 
:emperatare,  60°  C.  =  140°  F. 

tlie  volume  of  one  pound  of  the  saturated  vapor 
a  at  atmospheric  pressure,  we  have,  from  equation 

:  7.69  cu.  ft. 


0,0334  18  the  value  assigned   for   one  pound   of 
Jitha  at  60°  F. 
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There  waa  coiisnmed  S.53  ponnds  of  naplitlia  per  IHP. 
per  hour,  hence  the  indicated  efficiency  of  the  plaiit,  iDcIud- 
ing  fuel,  furnace,  and  engine,  was 

£=.,       33000X60  _^,,,, 


■  3.53  X  22000  X  77S 


or  nearly  3^  per  cent.  It  is  a  good  3  horse-power  en- 
gine, that— including  fuel,  furnace,  boiler  and  engine- 
yields  this  efBciency.  If  the  particular  naphtha  used  were 
richer  in  hydrogen  than  that  assumed,  or  rather  if  its  chemi- 
cal composition  gave  23000  thermal  units,  the  efficiency 
would  be  reduced  to  3,1  per  cent. 

The  cost  of  running,  6.2  cents  per  IHP.  per  hour,  is 
not  a  measure  of  the  efficiency,  but  of  the  economy.  A 
steam-engine,  run  by  the  waste  fuel  of  a  saw-mill,  may  cost 
nothing  for  fuel ;  while  the  same  engine  run  with  anthracite 
coal  may  cost  many  dollars  daily  for  this  item,  while  as  a 
heat  engine  the  efficiency  should  be  tlie  same  in  the  two 
cases. 

138.  Efficiency  of  fluid.  Any  solution  of  this  part 
of  the  problem  will  necessarily  be  approximate,  since  some 
of  the  data  must  be  assumed ;  and  yet  such  a  solution  may 
give  some  idea  of  its  probable  efficiency,  and  hence  of  the 
efficiency  of  the  furnace  and  boiler.  Regnault  found  the 
specific  heat  of  petroleum  to  be  0.431,  and  we  will  assume 
it  to  be  the  same  for  liquid  naphtha.  The  latent  Iieat  of 
evaporation  at  atmospheric  pressure  is  237  B,  T.  U,  per 
pound,  as  found  above ;  but  the  law  of  change  with  tem- 
perature and  pressure  is  not  known.  As  this  value  approxi- 
mates more  nearly  to  that  of  acetic  acid  than  any  other  sub- 
stance now  before  us  (see  Article  74  of  Addenda),  we 
will  assume,  although  otherwise  quite  arbitrary,  that 

A,  =  237  -  0.1  T.  (260) 

Let  the  initial  temperature  of  the  liquid  be  58°  F. ;  the 
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Mean  effective  pressure  from  the  experiment — 

__      330  {work  per  revolution) 
-fe      s_x^i_i_^  {piston  displace^ne^ii) 

*  =  35.2  lbs.  per  sq.  inch, 

which  is  a  very  fair  aji^reement  under  the  circumstances. 

The  heat  supplied  per  pound  will  be,  in  thermal  units, 
equations  (93)  and  (260), 

=  0.43i  X  181  +  237  -  24  =  291.  (264) 

Efficiency  of  fluid,  (263),  (264)— 

wliich  we  will  call  nine  per  cent. 
Efficiency  of  furnace — 

0.033  ^  ^3^ 
0.09 

or  36  per  cent ;  that  is,  36  per  cent  of  the  theoretical  heat  of 
combustion  of  the  naphtha,  as  determined  by  its  chemical 
composition,  is  utilized  by  the  boiler.  This  is  a  good  result 
for  so  small  a  boiler. 

139*  Remarks*  In  the  design  of  this  engine  about 
four  square  feet  of  heating  surface  per  horse-power  was 
allowed.  This  is  about  one  fourth  of  what  would  be  al- 
lowed in  the  design  of  a  steam  boiler.  In  the  fonner 
engine  the  boiler  is  completely  filled  with  the  flame  of  the 
burning  fluid,  and  thus  is  made  quite  eflicient. 

The  naphtha  engine  has  met  with  much  favor  for  propel- 
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ling  steam  launches  and  yachts.  Their  great  compactness  is 
apparent  from  the  preceding  report  ;  pressure  is  raised  very 
quickly  not  only  on  account  of  the  low  boiling  point  of 
naphtha,  but  especially  on  account  of  its  very  volatile  and 
highly  inflammable  character  when  used  for  fuel.  As  soon 
as  the  supply  is  cut  off,  the  flame  ceases,  and  no  vapor  is  left 
in  the  boiler  to  be  blown  off  or  cooled  down,  afi  in  the  steam- 
engine.  As  a  fuel  it  is  more  conveniently  stored  in  pipes 
and  vessels  in  the  lower  part  of  the  boat  than  coal  can  be. 
It  appears  to  be  quite  as  efScient  as  a  steam  plant  of  this 
power — if  not  more  so.  But  every  power  has  disadvan- 
tages ;  and  this  is  objectionable  for  general  purposes  on  ac- 
count of  the  very  volatile  and  inflammable  character  of 
the  fluid,  endangering  as  it  might  all  combustible  material  in 
its  vicinity,  and  becoming  more  dangerous  the  greater  the 
quantity  stored ;  still  it  is  especially  adapted  to  launches. 

140*  Ammonia  engines  are  those  in  which  am- 
monia vapor  is  used  instead  of  steam.  These  engines  are 
condensing— a  condition  which  is  rendered  necessary  on  ac- 
count of  the  nature  of  the  substance.  Aqua-ammonia  is  in- 
troduced into  the  boiler ;  vapor  is  generated  in  precisely  the 
same  manner  as  steam,  and,  after  it  is  used  in  the  engine,  it 
is  condensed  and  pumped  back  into  the  boiler,  thus  using  it 
over  and  over. 

Much  interest  has  recently  been  excited  in  these  engines 
from  the  fact  that  ammonia  has  been  substituted  for  steam, 
using  the  same  boiler  and  engine,  and  doing,  it  is  claimed, 
tlie  same  work  with  less  fuel.  It  is  asserted  by  some  writers 
that  the  science  of  TJiermodynamiea  teaches  that  the  effi- 
ciency of  an  engine  is  independent  of  the  nature  of  the  work- 
ing fluid  when  used  between  the  same  limits  of  temperature ; 
and,  hence,  the  above  fact  leads  such  to  look  with  suspicion 
upon  the  correctness  of  this  part  of  the  science.  The  fact 
is,  the  bove  statement  is  correct  in  only  one  very  restricted 
case,  and  that  case  is  never  realized  in  practice ;  we  will, 
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therefore,  state  distinctly  BOine  of  the  principles  established 
by  this  science,  bearing  upon  this  part  of  the  subject. 

The  efficiency  of  cm  engine  is  independent  of  the  fluid 
used  when  worked  between  the  same  limits  of  absolute  tem- 
perature^ PROVIDED  ALL  THE  HE^T  REOEIVED  IS  AT  ONE  TEM- 
PEBATUBE  AND  ALL  THAT  IS  BBJEOTED  IS  AT  ONE   LOWER  TEM- 

PEBATUBE,  the  mass  of  fluid  in  the  engine  being  constant. 
(See  p.  161.) 

If  the  substance  could  be  worked  in  this  way,  steam,  am- 
monia, alcohol,  &c.,  would  be  equally  efficient.  The  fact 
that  there  is  a  latent  heat  of  evaporation  of  the  substance 
would  not  affect  the  truth  of  the  statement.  If  water  could 
be  worked  according  to  this  law,  beginning  with  a  tempera- 
ture of  60^  F.,  evaporated  at  250°  F.,  and  raised  to  300°  F., 
the  efficiency  would  be  the  same  as  if  the  substance  were  a 

perfect  gas,  or 

^     300  -  60    ^  ^3,^ 

300  +  460 

This  will  be  proved  for  a  vapor  in  the  Addenda,  Article 
112,  from  which  it  may  readily  be  inferred  to  be  true  for 
the  more  general  proposition. 

This  gives  the  absolute  maximum  efficiency  of  any  heat 
engine. 

But  no  engine  works  according  to  this  law.  In  practical 
vapor  engines,  the  m^ass  of  working  fluid  is  variable.  In 
such  engines,  it  has  been  shown  on  page  193,  Eq.  (o),  that  the 
effective  work  and  the  efficiency  both  depend  upon  the 
latent  heat  of  evaporation  and  the  specific  heat  of  the  sub- 
stance ;  hence-— 

InpracticCy  the  efficiency  of  all  vapor  engines  depends 
upon  the  nature  of  the  working  fluid,  and  involves  both  the 
latent  heat  of  evaporation  and  the  speciflc  heat. 

In  a  more  complete  theory  of  the  vapor  engine,  involving 
incomplete  expansion,  the  mean  specific  heat  of  the  fluid 
and  the  latent  heats  of  evaporation  at  the  lower  and  higher 
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appliaM^e  only  to  a  constant  mass  of  fluid  i 
the  enyiiie  ;  and  is  not,  in  any  sejise,  applic 

The  efficiency  of  tlie  boiler  and  Eteain 
jKsnds  upon  the  absorption  of  Iteat  b^'  tin 
from  the  funtoce,  and  radiation  from  tlie  cun 
be  seen  from  the  preceding  remarks  that 
may  be  produced  with  ammonia  at  a  much  la 
than  with  steam.  Such  being  the  fact,  a  lo 
may  be  maintained  in  the  furnace,  boiler, 
and  hence  k-ss  tieat  would  be  lost  by  radiatii 
edge  of  ammonia  does  not  enable  one  to  do 
it  would  absorb  more  beat  in  the  same  t 
water;  if  it  would,  the  per  cent  of  heat  i 
chimney  would  be  less,  and  tlie  direct  t 
boiler  thus  increased.  Admitting  that  an  a 
more  efficient  than  a  steam  plant,  we  see 
explains  the  cause.     But, 

Ayain,  thit  srien.r'e  tenches  that  a  condi 
more  effioif.nt  titan  a  noiir<:oiide>t^ing  oiie, 
I)eing  the  same. 

In  the  ca»es  above  cited  that  have  come  t 
of  the  author,  where  the  ammonia  plant  pi 
the  steam  plant,  the  steam-engines  were 
while  the  ammonia  engines  which  replaced 
densing.  Had  tlie  original  steam-engines 
condensing  engines  there  would  have  bet 
efficiency ;  but  a  want  of  knowledge  of 
constants  of  ammonia  prevent  this  B<rienei 
ing  with  certainty  wlicther  the  efficiency 
still  further  increased  by  substituting  it  foi 

If  the  interest  on  the  cost  of  a  plant  an 
pairs  he  considered,  a  small  plant  invoh 
ing  engine  may  not  be  as  economical 
condensing  one,  although   the   former   m 
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THE  STEAM-INJECTOR. 
143.  Tbe  iiljector  is  a  device  for  feedi 
l>oilere,  in  whicL  eteani  is  taken  from  the  boilei 
paeaiDg  through  tlie  iustrnment,  takes  water  with  it 
•  the  water  and  condensed  steam  in  a  steady  etr 
into  the  boiler.  Fig.  69  shows  an  improved  fonn 
this  class  of  instrnmento.  A  valve  W  is  secured 
£,  and  has  its  seat  on  another  valve  X.  ^  is  a 
taining  these  valves,  and  the  passage  of  steam  th 


tube  is  controlled  by  the  valve  X  A  hollow  8} 
ginning  with  W  and  terminating  at  C,  passes  tb 
valve  X,  and  may  be  moved,  independently  of  1 
for  a  short  distance,  by  means  of  the  lever  II,  thus 
steam  to  the  spindle  without  moving  the  valve 
further  movement  of  tbe  lever  will  unseat  tbe  lal 
The  chamber  M  M  contains  a  piston  N N,  which  t 
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in  a  gradually  contracting  nozzle  at  a  point  O^  just  beyond 
C  By  a  slight  movement  of  the  liandle  //,  steam  issues 
from  the  orifice  C,  and  a  partial  vacuum  ^vill  be  formed  in 
NN^  into  which  water  will  be  forced  by  outside  pressure, 
and  then  forced  through  the  delivery  tube  i?,  and  at  first  es- 
cape through  the  waste  orifice  P^  and  as  soon  as  a  solid  stream 
escaj)e8,  a  further  movement  of  tlie  lever  //closes the  orifice 
P  by  the  valve  K^  and  opens  the  valve  JT,  and  a  continuoiis 
flow  of  water  Mnll  then  pass  the  check-valve  into  the  boiler. 
If  too  much  water  passes  C  some  will  enter  the  chamber 
0  and  force  the  piston  N  N  back,  thus  throttling  the  water, 
and  if  suflicient  water  is  not  admitted  the  reduced  pressure 
at  6>  will  cause  the  valve  to  move  forward  and  permit  moi^e 
water  to  flow  in. 

144«  Theory  of  the  steam -injector. 

Let  IF,  =  the  weight  of  water  required  of  the  injector 
per  unit  of  time, 

ir  =  weight  of  steam  required  to  force  TT^  into  the 
boiler.  The  heat  in  the  steam  above  that  of  the  feed- water 
when  forced  into  the  boiler  will  be,  in  ordinary  heat  imits, 
considering  the  specific  heat  of  the  water  as  uniform  and 
equal  to  unity,  equation  (134), 

Wh  =  [  (r,  -  r,)  +  .r  /.,]   F,  (265) 

and  this  will  be  the  heat  lost  bv  this  amount  of  steam  in  the 
injector  and  which  is  assumed  to  be  imparted  to  the  feed- 
water. 

The  heat  imparted  to  the  water,  above  that  in  the  reser- 
voir from  whicli  it  is  taken,  will  be 

(r.  -  r.)  ir.,  (266) 

M'liere 

r^  =  the  absolute  temperature  of  the  feed- water  in  the  tank, 
T.J  =  the  absolute  temperature  of  the  water  just  after  it  haa 

passed  the  injector, 
Tj  =  the  absolute  temperature  of  the  steam  in  the  l)oiler 
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It  will  be  shown  hereafter  tliat  the  work  of  lifting  the 
water  from  the  reservoir  to  tlie  injector  and  of  forcing  it 
nito  the  boiler  together  require  only  a  small  fractional  part 
of  the  heat  energy  lost  by  the  steam  in  having  its  temj^era- 
ture  lowered  from  that  of  tlie  boiler  to  that  of  the  mixture 
of  steam  and  water ;  and,  neglecting  these  two  elements, 
expressions  (265)  and  (266)  become  equal,  giving,  in  terms 
of  ordinary  scales  of  temi>erature, 

For  our  present  purpose  it  will  be  sufficiently  accurate  to 
assume  that  the  steam  supplied  to  the  injector  is  pure  satu- 
rated steam,  or  a?  =  1,  and  that  equation  (77)  is  sufficiently 
exact,  or 

/u  =  nuA  -  0.7  r,. 

To  find  the  velocity  of  the  boater  in  the  passage  G^  Fig. 
70,  let 

p  =  the  absolute  pressure  per  unit  in  the  boiler, 

p^  =.  *'  "  "  *'      '*     of  the  atmosphere, . 

V=  the  velocity  of  tlie  water, 

d  =  weight  of  unity  of  volume  of  the  water  =  62.4  i^er 
cubic  foot  at  ordinary  temperatures, 

then 

The  value  of  d  mav  be  found  with  sufficient  accuracy  by 
means  of  tlie  f onnula  at  the  foot  of  page  102,  thus 

(y  =  i-  = } .,  (2«9) 

V,  (  r     ,    500\' 

which,   for   150°  F.,    or   610°   absolute,    gives   (J  =  61.2 
pounds,  and  this  value  might  properly  be  used  in  equation 
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(268),  but  as  62.4  pounds,  the  weight  at  ordinary  tempera- 
tures,  will  not  produce  an  error  of  1  per  cent  in  the  veloc- 
ity, and  as  by  its  use  the  resulting  formula  will  be  more 
generally  applicable  to  ordinary  cases,  we  retain  the  latter. 
Just  after  entering  the  chamber  G^  the  water  will  be  nnder 
atmospheric  pressure,  and  ^,  =  2116.2  pounds  per  square 
foot,  and  2  ^  =  64.4.  With  these  values,  equation  (268) 
reduces  to 

(270) 


F  =  1.0158  ^ p  -  2116.2  ft.  per  sec. 
If  jc>  be  in  pounds  per  square  inch, 


F=  12.1896^^ 
If  ^  be  in  atmospheres. 


14.7  ft.  per  sec. 


(271) 


F  =  46.7355  i^^  -  1  ft.  per  sec.  (272) 

If  the  diameter  of  the  suction  pipe  ^  be  n-  times  that  of 
the  passage  E^  the  velocity  in  it  will  be 

F 


f;  = 


w 


(273) 


To  jmd  the  area  of  the  opening  E 
for  the  passage  of  the  water;  con- 
sider tliat  the  steam  passing  through 
the  injector  will  have  been  con- 
densed to  liquid  water,  then  will  the 
volume  of  the  water  and  condensed 
steam  passing  the  opening  per  sec- 
ond be  0.016  (  TT  4-  TT.)  cubic  feet, 
and  if  Ic  be  the  area  of  this  section,  then 


The  diameter  will  be 


0,016  (Tr+  f;) 

F 


(274) 


rf=  2  1/^. 
n 


(275) 
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The  work  done  by  ths  injector  will  be  that  of  forcing  the 
mixture  of  steam  and  water  against  the  boiler  pressure  p 
sufficiently  far  to  make  a  displacement  for  W  -^^  W^  pounds 
of  water.  Since  the  steam  will  be  subjected,  externally,  to 
the  atmosphere  the  resultant  pressure  against  which  the 
water  is  forced  will  be  the  gauge  pressure,  or  p  —  ^,. 
Hence,  if  ^  be  in  pounds  per  square  inch  the  work  will  be 

U  ^l^ip  -  p,){W-\-  W,)  0.016  ft.  lbs.      (282) 

The  efficiency  as  a  force-pump  will  be 

E  =       T^'i^^^'  done U _    , 

Jleat  expended  """   {r^  —  t^-\-  x  h^W  J'^       ^ 

The  e^icieney  of  the  plant.  If  1  pound  of  coal  is 
equivalent  to  q  thermal  units,  and  to  pounds  are  required  to 
generate  W  pounds  of  st«am  from  the  temperature  of  the 
feed-water,  then 

E'  =  -^— ,  (284) 

and  if  all  the  heat  of  the  coal  could  be  utilized  for  generat- 
ing steam  and  the  steam  were  pure  saturated,  E^  would  be 
the  same  as  E,  But  there  is  always  a  waste  of  heat  in  the 
furnace  and  boiler.  If  the  q  thermal  units  would  evaporate 
n  pounds  of  water  at  and  from  212°  F.,  if  there  were  no 
waste  of  heat,  and  in  an  actual  boiler  a  pound  of  coal  did 
evaporate  n^  pounds  under  the  same  conditions ;  then  if  T^ 
be  the  temperature  of  the  feed-water  and  H  the  total  heat 
of  steam  at  the  temperature  T^  of  the  boiler,  then 

WCH  -  T)  =  906  n,w  =  9G(jn  '^  w  -qw^\  (285) 
^  ^  n  n 

The  value  of  n  may  be,  theoretically,  from  11  to  15,  de- 
|>ending  upon  the  composition  of  the  coal,  and  n^  from  6  to 
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11,  depending  upon  the  composition  of  the  coal  and  the  effi- 
ciency of  the  furnace. 

The  duty  will  be  the  work  done  per  100  pounds  of  coal, 
or. 


Volnme 
^  of  water 
D  =  100  X  144  X  gauge  pre^stire  X  i    injected 

\per  lb.  of 
'    steam. 


Pounds 
of  steam 
evapo- 
rated per 
lb,  of  coal. 


(287) 


Effect  of  rejecting  the  work  of  raising  the  loater  and  of 
forcing  it  into  the  boiler  in  the  above  analysis. 

In  the  following  exercise  it  will  be  seen  that  if  tlie  gauge 
pressure  be  90  pounds  per  square  inch,  and  other  conditions 
as  there  given,  there  will  be  expended 

(331  —  120  +  794)  X  0.05  =  50 

thermal  units  in  supplying  0.833  pounds  of  water  to  the 
boiler.  To  raise  this  weight  of  water  20  feet  by  suction  — 
a  distance  too  large  to  be  realized  in  practice — would  re- 
quire 

0.833  X  20  -^  778  =  0.02 

thermal  units,  which  is  only  ^^W  ^^  ^^j  ^^^^  hence  may  be 
omitted  in  the  computation. 

The  work  of  forcing  0.833  j)ound8  into  the  boiler  will  be, 
equation  (282),  in  thermal  units, 

fT  =  144  X  90  X  0.833  X  0.016  -v-  778  =  0.22, 

which  is  also  so  small  compared  with  50  that  it  may  be 
omitted.  The  theory  above  given,  in  which  these  two 
items  are  omitted,  is,  then,  sufficiently  accurate  for  engi- 
neering purposes. 

tXERCISE. 

If  the  steam  pressure  in  a  boiler  is  90  pounds  gauge  per 
square  inch,  height  of  suction  4  feet,  and  the  boiler  is  re- 
quired to  make  3000  pounds  of  steam  per  hour ;  required 
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the  area  of  the  section  k  of  the  passage  J?  for  the  water,  the 
velocity  of  the  steam  F,  at  (7,  the  diameter  of  the  suction* 
pipe,  its  section,  being  5  times  that  of  the  section  k  (which 
is  an  average  of  actual  values),  the  steam  containing  10  per 
cent  of  moisture,  the  feed-water  in  the  tank  being  60**,  the 
temperature  of  the  mixture  of  water  and  condensed  steam 
120°  before  it  is  forced  into  the  boiler ;  also  the  ratio  of  the 
velocity  of  the  steam  to  that  of  the  water,  and  the  weight 
of  water  to  that  of  the  steam. 

We  have 

p  =  104.7,  A  =  4,  r*  =  63%  r,  =  130%  n  =  5. 
From  steam  table,  or  equation  (81),  page  97,  find  Ti  =  880*.9  F. 

IT,  =  ??2?  =  0.883  lbs.  per  second. 
8600  ^ 

K  =  1114.4  -  0.7  X  880.9  =  882.6,  Eq.  (77). 

a?!  =  0.9  ;  .  • .  sr,  A   =  794.84. 

W=  _11^£1^>^|^_=  0.049821bs.,  Eq.  (367).  Call  this  result 0.05. 

^•  =  166. 

V  =  12.1896  V90  =  115.68  f t.. vel.  of  water  at  E  and  G,  Fig.  70,  Eq.  (271). 

^  ^  0.016(0  05  +  0.883)  ^  ^^^^^  ^  ^^  ^  0.017568  sq.  In.,  Eq.  (274). 

115.68 
d  =  0.149  in.,  diameter  of  water  passage  i^or  O,  Eq.  (275). 

i),  =  2116.2  -  4  X  62.4  -  'fog  ^  ^64~4 "^"^  1845.87  lbs.  per  sq.  ft 

=  12.818  lbs.  per  sq.  in.  at  F,  Eq.  (277). 

V  .=  4.217,  volume  of  one  pound  of  steam  at  104.7  lbs.,  Eq.  (86). 

Vi    =  28.2687  j/l04.7  X  144  X  4.217  fl  -  /.iM^®  V"""! 

=  2572.5  ft.  per  sec.  velocity  of  the  steam  at  C.  Eq.  (278). 

Fl  =  4.22  X  0.05  X  144  ~  2572.5  =  0.0110  sq.  in.,  Eq.  (280). 

rfi  =  0.12,  diameter  of  steam  nozzle,  Eq.  (281). 
Vd.  ofnteam  __  2m8 
Vel.  qfwaUr  ~"  115.68 


=  22. 


No  allowance  has  been  made  in  this  computation  for  contraction  or 
f fictional  resistances,  and  hence  the  diameters  must  be  made  larger  than 
here  found  in  order  to  deliver  the  assumed  amounts.  The  diametera 
should  be  about  1.1  to  1.2  times  those  here  found. 


288 


HEAT  ENGINES. 


1145.] 


As  the  temperature  IdO"*  F.  of  the  mixture  of  steam  and  water  is  near 
the  higher  limit  of  reliable  working  of  the  injector,  we  take  another  case 
of  lower  temi)erature. 

TABLE    II. 
Giving   results  from  the  same  data  as  for  Table  I  ,   except 

THAT    THE    TEMPERATURE  OP    THE     MIXTURE    IS    ASSUMED    TO    BE 

140''  F. 


Gaage 
Pregaure. 

Diameter 
of  Steam 
Nozzle  in 
Inches. 
Eq  (5W1  ; 

Diameter 
of  Water 
Nozzle  in 
Inches. 
Eq  (-275) 

.18 

Velocity 

of  Steam, 

Ft.  per 

Second. 

Eq.  («?9.) 

Velocity 
of  Steam 

and  Water, 
i-^.per 
Second. 

Eq.  (Sn.) 

66.7 

Ratio  of 

Velttcitien. 

Col. 

(4)  -*-  (5). 

Ratio  of 

WeiRht  of 

Water  to 

Steam. 

Eq,i5i67.) 

Ratio  of 

Volume  of 

Steam  to 

Water. 

80 

.25 

2030 

30.4 

13.21 

44.2 

40 

.218 

.202 

2211 

77.1 

28.0 

13.29 

36.3 

50 

.197 

.190 

2826 

86.2 

27.0 

13.29 

31.1 

60 

.158 

.180 

2481 

94.4 

25.6 

13.83 

27.1 

70 

.150 

.175 

2526 

101.2 

24.9 

14.52 

22.0 

90 

.146 

.164 

2677 

115.6 

23.1 

13.42 

19.6 

100 

.187 

.16J 

2743 

121.9 

22.5 

13.60 

17.7 

120 

.125 

.15-3 

2845 

133  5 

21.3 

13.49 

15.4 

140 

.116 

.147 

2934 

144  2 

20.3 

13.53 

18.5 

160 

.108 
(2) 

.142 

8008 

154.2 
(5) 

19.5 

13.58 

12.0 

(t) 

(8) 

(4) 

(6) 

(7) 

(8) 

145.  Approximate  Formulas.  Certain  general 
inferences  will  be  apparent  if  we  assume  average  condi- 
tions. 

I^t  T,  =  60°  F.,  T;  =  150°  p\,  and  w  =  1,  then,  equation 

(267), 

Wo  _  964.4    .      1 


ir 


4-    -  r 

1)0    ^  300     '* 


f28S) 


If  the  givuge  pressure  Ije  80  pounds,  tlien  T,  =  323°  F., 

and 

W 

-^»=  11.79; 

that  is,  under  ordinary  conditions,  1  pound  of  steam  will 
inject  alxmt  12  pounds  of  water  into  the  boiler;  or  13 
pounds,  including  its  own  weight. 
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For  the  diameter  of  the  cylindrical  water-passage,  E^ 
equation  (275), 

^-2  Sf      12.1896^  \/jT^-r  ^^^^^ 

that  is,  the  diameter  will  vary  directly  as  the  square  root  of 
the  weight  of  water  injected  .per  second,  and  inversely  as 
the  fourth  root  of  the  gauge  boiler  pressure. 

The  velocity  of  the  steam,  according  to  the  preceding 
tables,  will  be  about  half  a  mile  per  second. 

The  velocity  of  the  water  will  be  about  100  feet  per  sec- 
ond. 

The  duty  will  be,  if  gauge  pressure  =  80,  and  9  pounds 
of  steam  be  genenited  per  pound  of  coal, 

D  =  1152000  X  12  X  0.016  X  9  nearly  =  2000000  nearly. 

Since  there  will  be  some  f  rictional  resistance  and  radiation, 
and  since  9  pounds  of  water  ai*e  rarely  evaporated  at  80 
pounds  gauge,  the  duty  would  be  somewhat  less  than 
2000000. 

Efficiency,  equation  (283), 

E^  ^^  X  80  X  13  X  0.016  ^  ,3     . 

778  X 1059  X  1  ^        \      ) 

which  is  about  ^  of  1  per  cent.     The  efficiency  of  the 
plant  would  be  about  ^  of  1  per  cent  as  a  pump. 

1^6«  Injector  compared  with  Direct-Acting 
Pump.  By  comparing  these  results  with  those  on  page 
182  it  will  be  seen  that  the  efficiency  and  duty  of  the  in- 
jector are  much  less  than  that  of  a  direct-acting  pump — being 
about  \  as  efficient.  This  is  for  service  as  a  pump.  But  as 
a  heat  device,  if  there  be  n.>  radiation  nor  lift  of  feed-water 
the  efficiency  of  the  injector  will  be  perfect  /  similarly,  if 
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all  the  exhaust  heat  from  the  direct-acting  pump  be  re- 
turned to  the  boiler,  and  there  be  no  radiation,  the  heat 
efficiency  of  the  pump  will  also  be  perfect ;  and  hence  in 
either  case  wovM  cost  nothing  for  fuel.  In  both  cases  the 
furnace  (or  boiler)  heats  the  water  from  the  temperature  of 
the  feed  to  that  of  the  boiler.  If  there  be  no  losses  from 
radiation,  the  difference  in  the  cost  for  fuel  in  running  the 
two  devices  will  be  that  which  furnishes  the  steam  for  run- 
ning the  pump  for  doing  the  same  work,  if  this  steam  be 
wasted  at  the  exhaust.  To  illustrate :  the  work  done  by  1 
pound  of  steam  in  the  approximate  cases  above  is  that  of 
forcing  13  pounds  of  water  against  80  pounds  pressure, 
and  is 

C^  =  144  X  80  X  13  X  0.016  =  2396  ft.  lbs. 

One  pound  of  steam  in  the  direct-acting  pump  will,  at 
about  70  or  80  lbs.  boiler  pressure,  do  the  actual  work  of 

10,000  foot-pounds ; 

hence,  to  do  2396  foot-pounds  will  require 

2396  -r-  10000  =  0.24  lbs.,  nearly, 

of  steam  ;  hence,  it  requires,  in  this  case,  about  24  hun- 
dredths as  much  steam  to  feed  the  boiler  with  a  direct-act- 
ing pump  as  with  an  injector.  But  this  steam  is  saved  by 
the  injector,  and,  we  assume,  is  wasted  by  the  pump.  If 
1  pound  of  coal  generate  8^  pounds  of  steam  under  a 
pressure  of  80  lbs.  gauge,  this  waste  will  require  0.24  -r-  8.5 
=  0.0282  pounds  of  coal  for  every  12  pounds  of  f eed-wjter 
forced  into  the  boiler.  To  evaporate  this  12  pounds  of 
water  will  require  12  -f-  8.5  =  1.41  pounds  of  coal ;  hence, 
the  fractional  part  of  the  fuel  required  by  the  pump  will  be 

0.0282  -^  1.41  =  0.02, 
or  about  2  per  cent  of  the  fuel  burned  in  the  furnace. 
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THE   PULSOMETER. 

147.  The  Pulsonieter  is  a  pump  consisting  prin- 
cipally of  two  bottle-shaped  chambers,  A,  A,  joined  together 
side  by  side,  with  tapering  necks  bent  toward  each  other, 
uniting  in  one  common  upright  passage,  into  which  a  email 

ball,  C,  is  fitted  so  as  to  oscillate 
with  a  sh'ght  rolling  motion  be- 
tween seats  formed  in  the  junc- 
tion. 

These  chambers  also  connect  by 
means  of  openings  with  the  verti- 
cal induction  passage,  D,  having 
valves,  ^,  ^,  and  their  seats,  jF,  i^ 
The  delivery  passage,  7/,  which 
is  common  to  both  chambers,  is 
also  constructed  so  that  in  the 
openings  that  communicate  with 
each  cylinder  are  placed  valve- 
seats  fitted  for  the  reception  of  the 
same  style  of  valves,  G,  Gy  as  in  the  induction  passage. 

e/  represents  the  air  chamber,  cast  with  and  between 
the  necks  of  chambers  A^  A,  and  connects  only  with  the  in- 
duction passage  below  the  valves  -£',  J?. 

A  small  brass  air  clieck-valve  is  screwed  into  the  neck  of 
each  chamber,  A,  A^  and  one  into  the  vacuum  chamber «/, 
so  that  their  stems  hang  downward.  Those  in  the  chamber 
allow  a  small  quantity  of  air  to  enter  above  the  water,  to 
prevent  the  steam  from  agitating  it  on  its  first  entrance. 

Conceive  that  the  left  chamber  is  full  of  water ;  steam 
passes  to  the  left  of  the  valve  C,  and  acting  by  its  pressure 
directly  upon  the  upper  surface  of  the  water,  forces  the 
water  through  the  valve  G  and  into  the  air  chamber  J, 
During  this  operation  the  chamber  ui  is  being  filled,  and 
water  by  its  momentum  finally  drives  the  valve  C  to  the 
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.■.J^  =  I^Il±^.  (301) 

Observing  the  boiler  pressure,  and  the  temperatore  of  the 
water  before  and  after  inixtaro,  the  ratio  of  the  weight  of 
the  steam  to  that  of  the  water  may  be  determined. 
The  work  will  be 

U=  F.  A,  +  (  F".  +  fT)  ^,  (803) 

If  the  temperature  of  the  feed-water  be  the  same  as  that 
of  tlie  source,  or  T„  then  will  tlie  heat  expended  be 

H  =  ^  W{T  -  r,  +  A.) ;  (803) 

hence  the  efficiency  will  be 

^_v  _w.  A  +jin+  y)^.      ,3041 

If  the  work  of  lifting  the  condensed  steam  and  frietional 
resistancee  be  neglected,  then 


1.  By  actual  meaaurement  105000  gallons  of  water  were 
raised  in  ten  honrs  with  274  pounds  of  coal  a  height  of  38 
feet,  and  drawn  horizontally  600  feet.  If  10  per  cent  be 
allowed  for  resistances,  find  the  work  done  in  ten  hours,  the 
weight  of  water  raised  per  pound  of  coal  and  the  horse- 
power ;  and  if  a  ponnd  of  coal  evaporated  Ti  pounds  of 
water,  find  tlie  pounds  of  coal  re((nired  per  horse-power  per 
hour,  the  weight  of  water  raised  per  ponnd  of  steam,  the 
increase  of  temperature  of  the  water  pumped,  assuming  its 
initial  value  to  be  80°  F.,  the  gauge  pressure  50  pounds,  and 
the  efficiency,  the  feed-water  also  being  60°  F. 

If  a  gallon  be  231  cubic  inches,  and  a  cubic  foot  be  62.2 
pounds,  then 
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Weight  of  water,  105000  X  tVjV  X  62.2  lbs.  =       873000. 
Work  for  10  hours,  873000  X  38  X  1.10  ft  lbs.  =  36491400. 

"       "     Ihour, 3649140. 

Horse-power, 1.84. 

Coal  per  horse-power  per  hour,  lbs.,    .         .         .  14.8. 

Water  raised  per  pound  of  coal,  lbs.,      .         .  3186. 

Pounds  of  steam,  274  X  7i,       .         .        .         .  2000. 

Water  raised  per  pound  of  steam,  lbs.,    .        .  436.5. 

Work  done  per  pound  of  iSteani,  ft.  lbs.,     ,         .         18246. 
Heat  in  the  steam  above  60°  F.,  B.  T.  U.,      ,  1137. 

Increased  temp,  of  water,  1137  -r-  436.5,  Deg.  F.,  2.6. 

Efficiency,  —^^i—  = 0.0187 

•^'  1137  X  778 

Efficiency,  Eq.  (305), 0.0180 

or  less  than  2  per  cent.    (See  page  452.) 

The  assumption  in  regard  to  the  evaporating  power  of 
the  furnace  would  make  the  efficiency  of  the  furnace 
about  56  per  cent,  making  the  efficiency  of  the  entire  plant 
over  1  per  cent. 

Diameter  of  discharge  pipe,  if  the  coefficient  of  discharge 
be  0.8  and  velocity  4  feet  per  second, 

^  _  -,  g  i  /105000  X  WSV  ^  36000  .     ,  „ 

^-^^y        4  X  0.7854  X  0.8       '"''^^ ^■^^^ 

A  three-inch  pipe  was  used. 

Pressure  producing  a  velocity  of  5  feet  per  minute 
against  the  atmosphere  and  a  head  of  38  feet  of  water, 
pounds  per  square  inch 31 

2.  If  the  temperature  of  the  source  be  60°  F.,  of  the 
mixture  65**  F.,  the  gauge  pressure  60  pounds,  lift  by  suction 
5  feet  and  lift  above  the  pump  15  feet ;  required  the  number 
of  pounds  of  water  raised  per  pound  of  steam,  the  efficiency  ; 
also  the  horse-power  if  300  pounds  of  steam  are  used  per 
hour.     (These  quantities  are  ideal.) 
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COMPRESSED  AIR-ENGINE. 

149.  A  Compressed  Air-En gine  is  an  engine  in 
which  the  working  fluid  is  common  air  under  a  high  tension. 
The  air  is  usually  compressed  by  a  machine  called  an  air- 
compressor,  to  a  tension  of  from  40  to  1000  pounds  to  the 
square  inch,  and  stored  in  an  air  reservoir,  called  a  receiver, 
from  which  it  is  taken  for  driving  an  engine.  Any  ordinary 
steam-engine  may  be  run  by  compressed  air ;  the  only  prac- 
tical difliculty  being  the  tendency  of  the  moisture  in  the  air 
to  freeze,  and  thus  choke  the  exhaust.  The  freezing  may 
be  prevented  by  causing  a  circulation  of  warm  air  aljout  the 
exhaust  passage  through  channels  especially  provided ;  and 
without  this  the  evil  may  be  mitigated  in  a  measure  by  a 
proper  form  of  the  exhaust  passage — ^gradually  enlarging  it 
as  it  goes  outward — and  making  it  smooth,  so  that  the  ice,  if 
formed,  will  not  adhere  so  firmly. 

150«  Analysis.  We  assume  that  the  cylinder  is 
filled  with  air  of  uniform  pressure  and  temperature  up  to 
the  point  of  cut-off,  that  then  it  expands  according  to  an 
assumed  law,  then  exhausts  and  a  uniform  back  pressure 
during  the  back  stroke ;  also  that  there  is  no  clearance.    The 

diagram  cleared  from  irregularities  and 
clearance  will  be  similar  to  A  B  C  E 
FA,  Fig.  72. 

d| \^ ~^^     Let^,  be  the  absolute  pressure  O  A^ 

j9„  the  absolute  pressure  II  C  at  the 
Q  ^  end  of  expansion, 

i^iG-  72.  p^^  the  absolute  back  pressure  HE, 

i\  the  volume  of  a  pound  of  air  at  the  pressure  /?„ 


J( 


u  a  u  a  u  a  u  ^ 


{a)  A(Jidf}atle  expansion — incomplete.      The  work  done 
per  pound  at  full  pressure  will  be 

1\  ^r 
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The  work  done  per  pound  during  expaoiiion  will  b 
erciae  3,  page  64,  or  the  second  equation  in  Article  5< 

/  "'pdv  =-0,  I'd  T  ^   C\  (r,  ~  T,). 

The  negative  work  during  the  return  stroke  will  be 
p,  V, ; 
hence,  in  the  cycle,  the  work  done  per  pound  will  be 
V  =  AB  CEF  =  C,  (r,  -  r.)  +^,  v,  -  p,  v,. 

Since  the  fluid  is  considered  perfect,  we  have,  eijn 
(2)  and  (29), 

p,v,  =  Rr,  =  {C,  -  C)  r, ; 

.■.U^C,{T,~  r.)  +  (t;  -  Q  U  -  T,J1-). 

(6)  Adidbatic  expansion — a)7nj>lete.     Tlie  back  pr 
will  be  along  CD,  andji>,  =  />„  t,  =  r„  and 

r  =  A  B  C  D  =  C^(r,  -  r^i  =  Jy  c,  (r,  -  r,). 

{*-')  Jf  there  he  no  expantiion,  p,  ^  p^,  r,  =^  r„  and 

\  pj 

Equntions  (807)  and  (300)  may  b«  put  iu  a  more  aymmelric&l  f 
inlroducing  an  auxiliary  r,,  thuH  : 

a  (r,  -  T,)  +  (C,  -  a)  (r,  -  r,g  =  V,  (r,  -  r.) : 

■   i"-  =  ^' + ^.^^ .  r-  =  1 + ?:^  p'. 

'■»     (-',         t;       ji,     r        ?-    Pi' 

Equation  (808)  will  reduce  to  precisely  the  same  value  ;  Iieni 
■iDd  (309)  become 
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Uaking  a  table  of  values  ot  —.  having  for  argumeDt  ^,  the  computation 
for  the  work  may  be  much  facilitated.    Let  y  =  1.41,  then  : 


^ 

,, 

P. 

'• 

'• 

0.856 

9 

0  743 

0.807 

10 

0.789 

0.788 

11 

0.788 

12 

0-7M 

0.756 

13 

0.782 

0.738 

14 

0.781 

8 

0.740 

15 

0.780 

Final  temperatures.    Knowing  the  initial  temper- 
ature, tlie  final  may  be  found  from  equation  (41),  which  is 


' ='.(!;)' 


(312) 


Final  TiBpmiuTURia,  thi  ii 
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?1 

Pt 

FlDtl  Temp.  Dog.  F. 

ft 

FlmlTMnp.  Dog.  F. 

-  28 

9 

-181 

-  78 

10 

-180 

-107 

-m 

-129 

-208 

-148 

18 

-aoB 

-180 

14 

-314 

8 

-171 

15 

-319 

Such  low  temperatures  are  fatal  to  Buccesaful  working  if 
moisture  be  present  in  the  working  air,  as  ice  would  be 
formed  in  the  exhaust.  Either  the  initial  temperature  must 
1>e  considerably  higher  or  the  range  of  preaanrea  must  be 
Biiiall,  or  adiabatic  expansion  avoided,  unless  the  air  be 
thoroughly  dry. 

{d)  Let  the  expansion  he  isothermal   and   inoompUte. 
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specific  volume  v,  may  be  found  when  the  law  and  amount 
of  expansion  are  fixed.  The  terminal  volume  of  W  pounds 
will  be  W  i;„  and  this  will  equal  the  volume  swept  through 
by  the  piston  per  minute,  if  there  be  no  clearance.  Let  V 
be  the  volume  of  the  cylinder  and  n  the  number  of  single 
strokes  of  the  piston  per  minute,  then  for  a  double-acting 
engine, 

2n  F=   Wv,  =   WJilx; 

^^       33000  ir/?r,  .^.^ 

.'.   F= X 77 ^-  (31 0 

Efficiency.  In  order  to  determine  the  efficiency,  the  full 
cycle  of  operations  must  be  known,  and  this  involves  tlie 
law  of  compression,  which  will  be  considered  in  the  discus- 
sion of  the  air-compressor.  We  know,  however,  if  air  were 
compressed  according  to  any  law  and  expanded  according 
toi  the  same  law,  there  being  no  escape  of  heat  by  radiation 
between  the  states  of  expansion  and  compression,  that  the 
efficiency  would  be  unity ;  but  there  would  be  no  resultant 
work,  even  neglecting  the  friction  of  the  engine. 

The  above  formulas  being  for  perfect  conditions  must  be 
modified  in  order  to  conform  to  practice.  Pemolet  deter- 
mined that  the  moisture  in  the  air,  when  converted  into  va- 
por, did  not  materially  affect  the  theoretical  results  of  con- 
sidering the  air  as  dry.  The  weight  of  air  as  determined 
from  equation  (316)  must  be  increased  to  allow  for  clear- 
ance, leakage,  and  imperfect  working,  as  is  done  with  the 
steam-engine ;  and  this  must  be  still  further  increased  in 
determining  the  weight  of  air  before  it  enters  the  compres- 
sor, to  allow  for  the  imperfect  working  of  the  compressor. 

Compressed  air-engines  are  frequently  used  where  if 
steam  were  used  there  would  be  excessive  condensation,  as, 
in  mines  and  other  underground  work,  for  driving  drills, 
pumps,  hoisting  engines  and  locomotives ;  also  for  small  in- 
termittent powers. 
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IMPKESSOR. 

iBSor  i8  a  kind  of  air-pump  for 
nditions,  and  after  compressing 
g  it  into  a  vessel  called  a  re- 
nt requirefl  a  motor  for  driving 
istruction  are  subatantially  the 
lump,  altliough  in  detail  clear- 
1  as  possible  and  the  valves  be 
tainty.  The  valvex  are  the  most 
received  a  large  amount  of  at- 
practical  men.     The  he&t  condi- 

of  the  air  valves,  both  inlet  and 
and  close  hy  moving  vertically 
this  reason  the  compression  cyl- 
i  vertically,  altliongh  vertically 
h  horizontal  cylinders.  In  tbo 
■OS  at  each  end  of  the  cylinder 
for  inlet,  tlie  other  for  outlet, 
rtical,  the  coinpreseion  cylinders 
5,  and  are  driven  by  a  double- 

steam  cylinder  may  l>e  vertical 
&  the  axes  of  the  cylinders  have 
r,  but  the  horizontal  types  are 
Js  than  air  may  be  compressed  ■ 


tlie  steam  in  one  cylinder  will 


802 
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B 


be  at  full  pressure  when  the  piston  in  the  air  cylinder  on 
the  other  side  will  be  near  the  end  of  its  stroke  where  re- 
sistance is  greatest. 

15!3«    Analysis.     During  the  back  stroke  of  the  piston 

the  air  flows  into  the  cylinder ;  assume 
that  it  has  the  uniform  pressure  0  -D, 
Fig.  74.  During  the  return  stroke  the 
pressure  rises  from  C  to  J?,  and  the  air 
is  then  forced  into  a  receiver  at  a  press- 
ure which  we  assume  to  be  uniform 
and  equal  to  (?  -4. 


D 

^^-^C 

^ 

r 

F 

H 

0 

FIG.    74. 


Let  jE>/,  v/  r/  represent  state  C, 
r>'  v'  r'       "  " 


"  "     J?,  the  subscripts  denoting 

the  states  ordinarily  used  in  this  work,  and  the  accents  dis- 
tinguishing them  from  the  notation  of  an  engine. 

a.  Adiabatic  com^esaion.    The  work  will  be,  equation 

(308), 

IT  =  ABCD-C^  (r/  -  r,').  (318) 

For  air  Cp  =  184.77  (p.  53).    We  have,  equation  (42), 
page  61, 

V  =  <  (fs)^  (319) 

where  ^^  =  1.4.     From  this  the  final  temperature  due  to 
compression  may  be  found.     Thus : 


"SvuhjL  Tbmvxbaturbs,  thk  initial  Tesipkbatcrb  b  68*  F.,  OB  r  s=  688.06*'. 


P^' 

Final  Temp. 

JbL 

Firal  Temp. 

Pt' 

Deg.  F. 

p%' 

Deg.  F. 

2 

186 

9 

588 

3 

266 

10 

569 

4 

829 

11 

599 

6 

882 

12 

625 

6 

427 

18 

650 

7 

468 

14 

675 

8 

505 

m 

1 

16 

700 
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reduce  the  temperature  of  one  pound  of  air  from  T^  to  T/, 
the  temperature  of  the  water  being  raised  from  T^  to  T^. 
Since  the  specific  heat  of  water  will  be  considered  as  unity, 
we  have 

w{T,  -  r.)  =  <7p  (r,  -  r.).  (323) 

Yolume  of  the  covipressing  cylinder.  If  there  were  no 
losses,  the  volume  of  the  compressor  cylinder  would  be  tlie 
same  as  that  of  a  compressed-air  motor  doing  the  same  work 
as  expended  in  compression,  working  under  the  same  law  of 
expansion.  Hence,  if  V  be  tlie  volume  of  the  compression 
cylinder,  W  the  pounds  of  air  compressed  by  N^  horse- 
powers per  minute,  U'  the  work  necessary  to  compress  one 
pound  under  an  assumed  law  and  force  it  into  a  receiver,  n' 
the  number  of  single  strokes  of  the  engine,  and  r,'the  initial 
temperature  of  the  air,  then  equation  (317)  gives 

^^  _  33000  K'  li  t/        W  R  r/  ..^^,. 

Modifications,  The  initial  pressure  in  the  cylinder,  j^,', 
will  be  less  than  that  of  the  external  air,  for  the  valves  will 
offer  some  resistance  to  the  inflow  of  air,  and  it  would  take 
a  short  time  to  establish  equilibrium,  and  the  temperature  of 
the  cylinder  may  expand  the  air.  If  there  be  any  clear- 
ance, all  of  the  compressed  air  would  not  be  forced  into  the 
receiver.  For  these  reasons,  and  also  on  account  of  the  heat 
lost  by  radiation,  the  volume  of  the  cylinder  should  be  con- 
siderably larger  than  that  found  from  equation  (324).  This 
would  be  secured  by  assuming  the  horse-powers,  N\  ex- 
pended in  compressing  the  air  as  proportionately  larger  than 
the  horse-powers  N^  to  be  delivered  by  the  mot^ir,  but  so 
many  contingencies  arise  in  practice  that  a  definite  rule  can- 
not be  stated  beforehand.  Deficiencv  in  size  in  the  con- 
struction  may  often  be  overcome  in  practice  by  increasing 
the  piston  speed. 
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153.  Efficiency  of  compressor  aiid  engine.  For 
complete  adiahatic  expansion,  equations  (308)  and  (318)  give 

fi--'!    . 

E  =  Ii^,  =  II  L ^  ^    .    ,pprox.      (325) 

L         r/J 

This  operation  may  be  illustrated  by  Fig.  75.  The  air 
will  be  taken  into  the  compressor  at  i 
the  absolute  temperature  r,'  at  (7,  then 
compressed  adiabatically  to  temperature 
r/  at  JB,  then  forced  into  the  receiver  at 
the  constant  temperature  r/and  pressure 
p/.  The  work  done  by  the  compressor 
per  pound  of  air  will  be  /  CB IL  The  ^  fig.  75. 
air  then  loses  heat  and  enters  the  engine  at  A  under  the  press- 
ure J3,  =J9/ and  a  temperature  T,  and  expands  adiabatically  to 
7?,  the  temperature  being  reduced  to  r„  where  it  is  exhausted. 
The  work  of  the  engine  will  he  I D  A  IT.  The  resultant 
work  will  \yQ  A  B  C  D.  If  no  heat  were  lost,  the  tempera- 
ture at  A  would  equal  that  at  jff,  and  that  at  D  equal 
that  at  C,  or  r^  =  r/,  t,  =  t/  ;  .  • .  ^=  1,  or  the  eflSciency 
would  be  perfect.  In  this  case,  however,  A  D  will  fall  on 
B  C,  and  the  resultant  work  will  be  zero.  The  compression 
might  be  along  D  A  and  expansion  along  B  C,  Equation 
(325)  expresses  the  efficiency  if  the  air  enters  the  motor  at 
a  less  pressure  than  that  of  77  J.,  and  exhausts  it  at  a  higher 
or  lower  pressure  than  that  of  C.  In  this  case  the  cycle 
will  not  be  complete. 

Mdss  of  fluid  constant.  In  some  operations,  especially 
in  refrigerating  machines,  the  mass  of  working  fluid  is 
constant,  the  operation  B  A  being  effected  by  abstracting 
heat,  and  D  C  by  supplying  heat.  In  this  case,  MAD 
and  B  C  are  adiabatics,  the  heat  suj^plied  along  D  C  will 
be,  per  pounds 


306  THE  COMPBESSOR.  [154.] 

and  abstracted  along  B  A^ 

H,  =  <7p  (T/  -  r.)  •, 
also 

1.  —        1     • 

r  "  t'^ 
and  the  efficiency  of  fluid  will  be 

the  same  as  for  the  perfect  elementary  engine ;  and  is  the 
fraction  of  the  work  which  is  transmuted  into  heat  If  the 
operation  were  in  a  reversed  direction,  the  result  would  be 
positive  and  would  be  the  fraction  of  the  heat  absorbed 
which  would  be  transmuted  into  work. 

154.  Friction  of  air  in  pipes.  The  experiments 
at  Mont  Cenis  gave  the  formula 

77^=  0.00936  !?lj,  (327) 

a 

in  which  d  is  the  diameter  of  the  pipe  in  inches,  I  the 
length  in  feet,  n  the  velocity  in  feet  per  second,  and  i^the 
loss  of  pressure  in  pounds. 

EXERCISES. 

1.  Required  the  volume  of  the  cylinder  of  a  double-act- 
ing air-compressor  making  50  revolutions  per  minute  to 
deliver  to  a  compressed  air-engine,  making  100  revolutions, 
sufficient  air  to  give  5  indicated  horse-powers,  allowing  fifty 
per  cent  lost  in  the  power  of  the  compressed  air.  Let  the 
initial  temperature  of  the  air  be  60°  F.,  and  compressed  iso- 
thermally  to  6  atmospiieres  absolute,  the  initial  pressure  in 
the  engine  also  6  atmospheres  at  the  same  temperature. 
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THE  STEAM  TURBINE. 

155«  Steam  turbines  act  on  the  Bame  general  prin^ 
ciples  as  hydraulic  turbines ;  an  essential  difference  being 
that  water  is  considered  non-compressible,  while  steam  and 
other  vapors  are  compressible.  A  more  general  term  for 
this  class  of  turbines  would  be  elastic  vapor  turbines. 
They  may  be  reacting,  like  the  Barker  mill,  Whitelaw  or 
Scottish  turbine,  parallel  flow,  outward  or  inward  flow.  One 
is  described  in  the  Pneumatics  of  Hero  of  Alexandria. 
Kankine  also  mentions  an  inward-flow  turbine  which  was 
used  at  the  Glasgow  City  Saw  Mills,  and  was  considered 
equal  in  efficiency  to  an  ordinary  high-pressure  engine 
{Steam  Engine^  p.  538).  The  clmm^  however,  is  not  sus- 
tained by  aijy  authentic  experiments.  Very  few  of  these 
turbines  appear  to  have  been  in  use  until  quite  recently  ;  now 
they  are  being  used  to  drive  electrical  dynamos,  chiefly  on 
account  of  the  very  small  space  occupied  by  them  and  the 
ease  with  which  they  may  be  located  wherever  desired.  In 
many  cases  they  are  wasteful  of  steam  on  account  of  the 
clearance  spaces  permitting  a  part  of  the  steam  to  pass 
through  the  engine  without  doing  work,  but  one  quite  re- 
cently invented  by  Messrs.  Dow  appears  to  be  a  great  im- 
provement on  previous  engines  of  this  class. 

156.  Balanced  outward-flow  steam  turbine. 

The  turbine  shown  in  Fig.  76  is  the  joint  invention  of  J.  H. 
Dow  and  H.  H.  Dow,  of  Cleveland,  Ohio.  A  A  represents 
the  casing,  or  stationary  part  of  the  engine ;  B  B  the  rotat- 
ing wheel  firmly  secured  to  the  shaft  (7,  and  containing  the 
buckets  or  floats  shown  in  the  section  2)2?,  which  are  ar- 
ranged in  concentric  circles  ;  and  concentric  with  these  and 
between  them  are  rings  projecting  from  the  stationary  part 
of  the  engine  through  which  are  cut  steam  passages  or 
guides.     Steam  entering  through  the  stationary  part  at  E^ 
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to  it  in  common  with  the  arms ; 
the  fluid  escaping  in  a  backward 
direction  relative  to  the  motion 
of  the  orifices.  The  velocity  of 
^^  „„  exit  will  depend  upon  the  three 

elements : 

1.  The  pressure  at  the  orifices  due  to  the  boiler  pressure, 
as  if  the  arms  were  at  rest ; 

2.  The  additional  pressure  due  to  rotation,  as  if  the  orifices 
were  closed ;  and 

8.  The  velocity  of  the  orifice  relative  to  the  earth. 

The  velocity  of  discharge  relative  to  the  earth  will  be  the 
resultant  due  to  these  three  causes  acting  simultaneously. 
On  account  of  the  compressibihty  of  the  fluid  and  the  cen- 
trifugal action,  the  density  of  the  steam  will  increase  from 
the  axis  of  rotation  outward.  The  centrifugal  force  of 
the  liquid,  if  any,  in  the  vapor  will  cause  the  liquid  to  flow 
outward  more  rapidly  than  the  vapor,  and  thus  greatly  com- 
plicate the  solution ;  and  it  would  be  still  further  compli- 
cated by  considering  the  change  of  temperature  and  of  re- 
evaporation  in  passing  outward  along  the  arm.  We  will 
assume  that  the  steam  is  dry  saturated  or  slightly  super- 
heated and  the  temperature  uniform. 

Let  A,  be  a  head  producing  the  pressure  at  the  entrance 
to  the  arms  where  the  weight  of  a  unit  of  volume  is  w^  and 
pressure  j9,.  At  any  distance  p  let  the  pressure  be  j>  and 
io  tlie  weight  of  unity  of  volume ;  then,  since  the  weight 
will  be  directly  as  the  pressure,  we  have 

jPj  =  h^  w,j         p  =  A,  w.  (328) 

The  variation  of  pressure  will  be  due  to  the  centrifugal 
force  of  an  element  whose  thickness  is  tZp  and  base  unity ; 

r.dp=^'^dp.oa'Py  (329) 

9 
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where  <»  is  the  angalar  velocity  per  second.  These  equa- 
tions give 

87a;  "f5">  (330) 

where  p^  is  the  pressure  at  the  orifice,  F,  the  velocity  of  the 
orifice,  and  V  the  velocity  due  to  the  head  A,.  If  F,  =  0, 
P\  =  Pti  ^  ^*  should.  The  pressure  due  to  the  centrifugal 
force  will  be 

P.  - Pr  =  P^[^^)'  (331) 

The  interior  pressure  ready  to  produce  velocity  will  be 
p^ ;  now,  if  the  orifice  be  opened  into  the  atmosphere,  the 
resultant  pressure  will  be  je>,  —  p„  when  j[?,  is  the  pressure  of 
one  atmosphere.  The  velocity  of  exit  will  be  found  from 
equation  (278),  page  283,  after  making  y  =  1.3,  as  given  in 
equation  (145),  page  151 ;  hence 

F.  =  16.705  i/p.  V,  [l  -  (l?)''"*^ .  (332) 

Without  rotation,  the  velocity  relative  to  the  orifice,  or 
the  earth,  would  be 

F,  =  16.705  a/p,  V,  [l  -  (-^)'''^  •  (333) 

The  orifices  have  a  velocity  go  p=i  F,  opposite  to  F, ; 
hence  the  velocity  of  discharge  relative  to  the  earth  will  be 

V=Y,-  F..  (334) 

The  pounds  of  steam  discharged  per  second  will  be,  equa- 
tion (64),  value  of  R^  p.  103*; 
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W=:w,k8V'=  1.8295  ksplj)    V^^^jr^       (335) 

in  which  k  is  the  coefficient  of  discharge,  p^  the  pressure  in 
the  arm  at  the  orifice  and  is  jp,  in  equation  (330),  r,  the  tem- 
perature outside  and  r,  the  temperature  in  the  arm,  w^  the 
weight  of  unity  of  volume  at  the  section  of  greatest  con- 
traction, and  W  the  weight  discharged  per  second  at  that 
point. 

The  work  done  by  the  reaction  per  second  will  be 

<J 

or  per  pound, 

?)^=1(F,-F.)r,  (336) 

ff 

The  energy  expended  will  be  that  in  the  steam  above  the 
temperature  of  the  feed-water,  and  per  pound  will  be, 
equations  (93)  and  (77), 

H  =  778  (1114.4:  +  0.305  T,  -  TO,  (337) 

where  jT,  is  the  temperature  at  the  boiler  in  degrees  Fahr- 
enheit and  jT,  that  of  the  feed. 


The  efficiency  will  be 


F=  ^.  (338) 


The  horse-powers  will  be 


^^=Sm-  (^^^> 


EXERCISE. 

1.  In  a  reaction  turbine  having  orifices  12  inches  from 
the  axis  of  rotation,  if  the  boiler  pressure  be  50  pounds 
(gauge),  section  of  all  the  orifices  0.02  of  a  square  inch,  ooeffi- 
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prejudicial  resistances.     To  be  efficient  the  speed  must  be 
high. 


16  §•  Outward^flow  turbine  of  Fig.  76.  The 
best  speed  for  the  turbine  requires  that  the  fluid  shall  be 
discharged  with  the  least  velocity — ^just  sufficient  to  escape 
from  the  wheel.  To  accomplish  this  the  steam  must  ex- 
pand down  nearly  to  the  pressure  of  the  atmosphere. 

If  the  wheel  is  so  constructed  and  operated  that  the  steam 
will  expand  without  transmission  of  heat,  the  method  of 
Article  112  will  be  applicable,  and  work  done  per  pound 
of  steam  would  be 


r=  jfr,  -  r,  A  +  log.   J^J  +  I^—^h.^  +  (p.  «.pj  «., 


(840) 


if  there  were  no  losses  from  friction,  contraction,  eddies  or 
clearances. 

To  determine  the  speed  requires  a  definite  knowledge  of 
its  construction.  A  properly  constructed  wheel  must  run 
at  a  definite  speed  for  maximum  efficiency,  and  it  cannot  be 
correctly  analyzed  for  speeds  differing  much  from  that,  on 

account  of  eddies  or  whirls  being 
induced,  the  effect  of  which  cannot 
be  formulated. 

Let  (9,  Fig.  78,  be  the  centre  of 

the  wheel,  a  g  the  inner  rim,  h  e  the 

'f"    outer,  c  a2k  guide,  ah  k  bucket.     If 

there  were  no  friction  or  eddies,  the 

analysis  for  several  concentric  circles 

^y    of  buckets  would  be  the  same  as  if 

/       all  the  work  were  done  in  one  series 

of  buckets ;  so  we  treat  the  case  as 

if    the    several    series  were    devel- 

FiA.  78.  oped  into  one.    Let  the  initial  ele* 
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ment  of  the  bucket  at  a  be  tangent  to  the  radius  0  af*  of 
the  wheel,  a  ^  a  tangent  to  the  inner  rim,  a  h  tangent  to  the 
guide  c  a ;  also 

d ah  -=  o',  the  angle  between  the  terminal  element  of  a 
guide  and  the  inner  rim  of  the  wheel, 
/•,  =  O  a^  the  inner  radius  of  the  wheel, 
Vj  the  velocity  of  the  steam  at  a  in  the  direction  a  A, 
Vt,  the  tangential  component  of  F, 
Vn  the  radial  component  of  F, 

and  the  same  letters  with  accents  to  indicate  similar  quanti- 
ties at  J,  the  point  of  discharge  ;  also  a?,  the  angular  velocity 
of  the  wheel,  and  M  •=  TT  -5-  ^,  the  mass  of  steam  flowing 
through  the  wheel  per  second  ;  then 

V  cos  a  =  Vt,         Vt  tan  a  =  v, ; 

« 

V  COS  a'  -=  v/,       v/  tan  a'  =  v/. 

The  rim  velocities  will  be,  respectively, 

r  G7,         r'  00, 

According  to  the  principle  of  mechanics — the  difference 

of  the  moTnents  of  momenta  of  the  fluid  upon  entei'ing  amd 

quitting  the  wheel  into  the  am^gvlar  velocity  of  the  wheel 

equals  the  energy  imparted  to  the  wheel — we  have  for  the 

work  per  second, 

M  {vxV  —  Vt  r')  07, 
or  per  pound, 

?7=(t;,r-<r')|,  (341) 

and  this  should  be  approximately  the  value  of  equation 
(340).  In  the  former,  much  the  greater  part  of  the  heat  of 
the  steam  is  lost  at  the  exhaust,  while  in  the  latter  consider- 
able energy  may  be  lost  in  the  kinetic  energy  of  the  steam 

*  In  tlie  Dow  engine  the  buckets  are  straight  and  the  angle  at  a  acute. 


STEAM  TUKIUNES.  [iSe] 

)11  as  tliat  in  the  exhaust.  In  order  that  there  be  no 
ct  on  entering  the  wheel,  we  have  Vt  =;  v  r,  and  if  the 
1  were  discharged  from  the  wheel  radially,  «/  r'  would 
tro  ;  ae  a  rough  approximation  let  it  be  zero,  then 

JJ  =  ^^  .  (342) 

.•.  car  =    \'  (f  (J. 

t  n  be  the  ratio  of  the  actual  to  the  theoretical  value  of 
len 

MT  =   V  ng  U.  (343) 

1  account  of  condensation,  clearance  and  friction,  n  for 
K)ndeoeing  engines  is  from  i  to  \. 
the  wheel  does  not  run  at  best  velocity,  v^'  r'  will  not 
:ro  ;  let  it  be  7  tv  r,  in  which  7  will  have  a  different  value 
very  different  velocity  ;  also  m  r  will  not  equal  v^  let  it 
Gi)  r ;  tlien 

e  (1  „  ^)  ^^^  =  nU 


■■■'"■  =  ^i^-         w 

le  number  of  revolutions  per  minute  will  be 

N  =  -2^.  {»45) 

EXERCISES. 
Consider  a  Dow  eteain  turbine  run  with  steam  at  70 
ds  boiler  pressure  (gauge),  using  600  pounds  of  steam 
lour,  the  efficiency  being  one  fourth  the  tlieoretical. 
isume  tliat  the  gauge  pressure  at  the  engine  is  67  pounds, 
out  4  per  cent  less  than  the  boiler  pressure,  that  tiie 
inal  pressure  is  17  pounds  per  square  inch,  tlie  inner 
IS,  r  =  \\.     We  have 
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T^  =  773,  r,  =  679,  H^,  =  778  X  894*  =  696000, 
u^  =  21.9,  eq.  (150),  u^  -i-  v,  =  4.05  =  ratio  of  expansion. 
Work  per  lb.  of  steam,  Eq.  (340),  ft.  lbs.,  approx . .     88000. 

Work  per  lb.  as  per  hypothesis,  ft.  lbs 22000. 

Steam  per  H.  P.  per  hour,  1980000  -j-  25075  lbs  .  90. 

Vel.  of  inner  rim  if  ^  =  0. 1,  n  =  J,  e  =  4,  ft.  per  sec.         223 

Revolutions  per  minute 20452. 

Horse-power,  600  -f-  90 6.7. 

An  engine  made  by  the  Messrs.  Dow  had  turbine  wheels 
5f  inches  in  diameter ;  shaft,  ^  inch  diameter ;  depth  of  buck- 
ets, ^  inch ;  depth  of  guides  also  ^^  inch  ;  weight  of  moving 
parts,  7  pounds,  7  ounces;  weight,  including  casing,  68 
pounds;  highest  measured  speed  with  70  pounds  steam, 
35000  revolutions  per  minute  ;  so  that  the  velocity  of  the 
circumference  was  nearly  nine  miles  per  minute. 

An  approximate  computation  of  its  regular  daily  perform- 
ance at  70  pounds  pressure  gave  about  8  horse-power  with 
about  75  pounds  of  steam  per  horse-power  per  hour,  the 
speed  being  about  25000  revolutions  per  minute.  Accurate 
measurements  will  doubtless  modify  these  results. 

2.  Required  the  number  of  revolutions  per  minute  neces- 
sary to  burst  a  cast-iron  disk  from  the  centrifugal  force,  the 
modulus  of  tenacity,  T  being  20000  and  the  diameter  of 
the  disk  6  inches,  there  being  a  hole  1  inch  in  diameter  at 
the  centre  for  the  shaft,  weight  of  a  cubic  inch  i  of  a 
pound. 

Assume  the  centre  of  gravity  of  each  half  to  be  at  r  =  1.3 
inches  from  the  centre. 

_y  ^  30     /57I'_  30  ./5  X  32.2  X  20000  X  12  _ 

'T  '     Wr  ~       ^     1.3  X  i  (9  -  i)  »•     ~  '         • 


CHAPTER  V. 


BBFSIGBRATION. 


159.  A  refrigerating  machine  is  a  device  for  pro- 
ducing relative  cold.  It  has  been  repeatedly  shown  in  the 
preceding  pages  that  in  any  fluid  doing  work  by  expansion, 
without  transmission  of  heat,  the  temperature  is  lowered. 
Advantage  may  be  taken  of  this  fact  to  produce  a  low  tem- 
perature. Let  M  N^  Fig.  79,  be  the  volume  of  a  pound  of 
the  fluid  when  the  cylinder  of  a  compressor  is  full ;  let  it  be 
compressed  adiabatically  to  B 
and  at  constant  pressure  to  A ; 
thence  expanded  adiabatically  to 
J  and  at  constant  pressure  to  C. 
If  the  fluid  be  a  compressible 
gas,  the  temperature  will  de- 
crease from  jB  to  ^  and  increase 
from  J  to  C\   but  if  it  be  a  ™-  ''^• 

vapor  the  temperature  will  be  constant  at  constant  pressure 
— some  or  all  of  the  vapor  being  condensed  during  com- 
pression, and  evaporation  taking  place  during  expansion. 
In  both  cases  heat  must  be  abstracted  from  the  working 
fluid  during  the  operation  A  B — the  heat  being  carried 
away  by  the  cooling  substance ;  and  absorbed  by  tiie  work- 
ing fluid  during  the  operation  J  (7— being  taken  from  sur- 
rounding substances.  The  latter  result  is  the  one  sought, 
and  is  made  practical  by  placing  the  articles  to  be  chilled  in 
a  room  whose  walls  are  made  practically  impermeable  to 
the  passage  of  heat,  and  abstracting  heat  from  the  room  by 
repeated  operations  like  the  one  just  described,  the  heat  so 
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carried  out  by  the  working  flaid  beiag  imparted  to  object* 
onteide  said  room. 

160.  Practical  operation.    The  practical  operation 
isebowu  in  Fig.  80,  which  represents  a  vapor  plant.    Omit' 


ting  minor  details,  it  is  as  follows :  The  working  fluid  is  taken 
into  one  end  of  the  compressor  A  during  the  back  stroke  of 
the  piston,  the  operation  being  represented  by  J  C,  Fig.  79, 
the  volume  of  a  ponnd  being  J/  iVwhen  the  cylinder  is  fall ; 
during  the  forward  stroke  of  the  piston  the  fluid  is  com- 
pressed, the  operation  being  represented  by  C  B,  and  at  £ 
the  valve  is  opened  and  the  fluid  forced  into  the  coils  of  the 
condenser  S,  Fig.  80.  Water  flows  over  the  coils,  reducing 
the  temperature,  if  the  fluid  be  a  permanent  gas,  and  liquefy- 
ing it  if  it  be  a  vapor,  the  operation  being  represented  by 

JiA. 
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The  heat  absorbed  by  the  water  is  wasted  unless  the 
water  is  used  for  other  purposes.  At  the  left  of  Fig.  80  is 
the  refrigerating  room  C,  which  should  be  enclosed  on  all 
sides,  including  roof  and  floor,  with  several  inches  in  thick- 
ness of  sawdust,  felt,  or  other  non-conductor  of  heat.  This 
room  contains  many  coils  of  pipe  through  which  the  fluid  is 
made  to  flow,  the  coils  being  in  the  centre  of  the  room,  or, 
as  is  often  the  case,  arranged  about  its  walls.  The  fluid 
passes  from  the  condenser  B  to  this  room,  where,  by  properly 
adjusted  cocks,  it  expands  against  a  pressure,  reducing  the 
temperature  and  pressure  until  the  latter  is  that  of  the  initial 
in  the  compressor  ;  the  operafion  being  represented  by  A  e/j 
Fig.  79.  During  the  back  or  return  stroke  of  the  piston 
the  fluid  flows  into  the  compressor  at  constant  pressure,  the 
pressure  being  maintained  by  the  heat  in  the  refrigerating 
room,  the  operation  being  J  C.  If  the  fluid  be  a  gas,  tlie 
heat  of  the  refrigerating  room  increases  the  heat  of  the  gas, 
the  temperature  at  J  being  lower  than  that  of  the  room ;  but 
for  a  vapor  the  pressure  and  temperature  are  maintained 
constant  by  the  evaporation  of  the  liquid,  its  volume  being 
increased  from  D  J  to  D  C. 

It  will  be  seen  that  only  a  part  of  the  changes  here  de- 
scribed are  made  in  the  compressor  ;  however,  the  indicator 
diagram  C  B  A  J  represents  the  changes  passed  through  by 
the  circulating  fluid,  and  represents  the  work  done  by  the 
compressor. 

Let  the  adiabatics  B  (7  and  ^  «/be  extended  indefinitely 
to  the  right ;  then  will  the  heat  taken  from  the  working  fluid 
and  carried  away  by  the  condenser  be  G  A  B  F\  and  that 
taken  from  the  refrigerating  room  will  he  G  J  C  F.  The 
operation  is  in  effect  that  of  taking  the  heat  out  of  the  re- 
frigerating room,  adding  heat  to  that  by  the  compressor,  and 
finally  causing  both  heats  to  be  carried  away  by  the  water 
which  passes  through  the  condenser. 

The  operation  of  all  refrigerating  machines  is  essentially 
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the  refrigerating  room  and  absorbed  by  the  circulating 
fluid ;  then  the  work  done  by  the  compressor  upon  the 
€md  will  be  //,  -  iJ.. 

The  general  expression  for  the  efficiency  is 

_^  Energy  obtained  {or  work  done)  /oAa\ 

^  Energy  expended  '         ^      ' 

If  the  energy  obtained  be  the  heat  removed  from  the  re- 
frigerating room,  and  the  energy  expended  be  the  work  done 
on  the  fluid,  then  representing  this  efficiency  by  -£*„  we  have 

E,  =  H^^ITTi:  (3^7) 

In  practice  this  will  exceed  unity,  a  result  due  to  the 
peculiar  unit  to  which  the  energy  sought  is  referred.  In 
most  cases  the  energy  obtained  is  a  part  of  the  energy  ex- 
pended, which  is  not  the  case  in  the  above  assumption.  If 
the  energy  obtained  be  referred  to  the  heat  expended,  the 
expression  will  be  less  than  unity.     Thus,  let 

E'  be  the  efficiency  of  the  furnace  compared  with  the 
heat  of  combustion  of  the  fuel, 

-£*",  the  efficiency  of  the  engine,  compared  with  the  heat 
energy  delivered  to  it  by  the  furnace, 

E"\  the  efficiency  of  the  compressor  referred  to  the  en- 
gine as  unity, 

jF,,  the  efficiency  of  the  refrigerating  system  compared 

with  the  compressor  as  unity  ;  then  will  the  efficiency  of  the 

system  be 

E  =  E\  E'\  E"\  E,.  (348) 

If  the  cycles  were  Camot's,  and  no  losses  from  clearance, 
friction  or  leakage  in  the  engine  and  compressor,  and  the 
efficiency  of  the  furnace  be  0.70,  then 

E  =  0.70  ^^-^' .  — ^,  (349) 
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If  each  pound  of  coal  contains  12300  thermal  unite,  then 
for  each  pound  burned  there  will  be 

12300  X  0.222  =  2781 

thermal  units  taken  from  the  refrigerating  room,  and  as  144 
thermal  units  are  required  to  congeal  1  pound  of  water  at 
32**  (page  89),  there  may  be  congealed 

2781  -^  144  =  18.96  pounds. 

In  this  solution  it  is  assumed  tliat  a  Carhot's  cycle  is  per- 
formed. If  25  per  cent  of  tlie  energy  were  lost  instead  of 
15,  the  result  would  have  been  16.8  pounds,  and  this  is  in 
the  vicinity  of  actual  values.  Later  we  will  show  how  purely 
theoretical  results  may  be  found.  If  this  engine  developed 
a  horse-power  with  3^  pounds  of  coal  per  hour,  then  would 
66.40  pounds  of  ice  be  made  per  horse-power  per  hour  from 
water  at  32°  F. 

Compared  with  the  work  done  by  the  compressor  on  the 
circulating  fluid,  the  efficiency  would  be 

460  +  5 
E,  =  0.85       ^     =  5.046  ; 

that  is,  for  every  thermal  unit  of  work  done  by  the  com- 
pressor more  than  5.6  thermal  units  would  be  removed  from 
the  refrigerating  room. 

163.  The  circulating  fluid.  Thermodynamically, 
any  fluid  may  be  the  working  fluid ;  but  there  are  certain  phy- 
sical and  practical  considerations  whicli  determine  a  choice. 
It  must  admit  of  a  low  temperature  without  congealing.  Air 
offers  the  advantage  of  being  abundant,  without  cost,  and 
admitting  of  any  desired  range  of  temperature  ;  but  its  den- 
sity being  small,  the  required  apparatus  must  be  correspond- 
ingly large.  If  vapors  are  used  they  must  be  capable  of 
vaporizing  at  low  temperatures.      Among  the  substances 
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used  are  ammonia,  N  11^^  sulphur  dioxide,  SO^^  methylic 
ether,  (7,  //,  <?,  and  eulphurie  ether ;  the  first  two  of  which 
are  the  most  common,  and  of  these  we  will  consider  ammo- 
nia especially.  The  general  formulas  will  be  applicable  to 
any  vapor. 

Grenerally  brine — water  thoroughly  saturated  with  salt — 
circulates  in  the  coils,  the  brine  being  cooled  in  a  tank  by 
the  ammonia,  as  above  described.  This  saves  a  large  amount 
of  ammonia.  Brine  may  be  produced  that  will  not  congeal 
until  the  temperature  is  below  zero  Falirenheit. 

163.  Some  properties  of  ammonia.  Certain 
properties  of  ammonia  have  been  determined  by  Kegnault, 
but  his  determination  of  the  latent  heat  of  vaporization  and 
the  specific  heat  of  liquefied  ammonia  were  lost  during  the 
reign  of  the  Commune,  in  1870 ;  and  these  we  will  deter- 
mine by  computation  founded  on  the  results  of  experiment 
and  certain  thermodynamic  principles. 

In  Relation  dea  ExperienceSj  Vol.  II.,  pp.  698-607,  are 
the  results  of  Regnault's  experiments  upon  temperature  and 
corresponding  pressure  of  saturated  ammonia.  These  we 
have  plotted  in  Fig.  81,  the  ordinates  to  the  dots  represent- 
ing the  pressures,  and  the  abscissas,  temperatures.  If  the 
law  be  represented  by  Rankine's  formula,  equation  (80),  p. 
97,  the  value  of  C  will  be  so  email  that  its  effect  will  be  in- 
appreciable, and  the  formula 

2196 
com.  logp  =  8.4079  -  —^ ;  (350) 

or,  \i  p  be  pounds  per  square  inch, 

2196 
%,«J9  =  6-2495  -  -^ 

represents  the  results  of  the  ex]Deriments  with  much  accu- 
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racy  from  aboat  —  20°  F.  to  100°  F.,  or  from  about  18 
pounds  per  square  inch  to  215  pounds.* 


S40    ^ 


-40-90     0     M   40    60    80  100  130  140  160180 

Temperature*,  Degree*  PaiKr. 
PIS.  81. 

The  specific  heat  of  ammonia  gas  is  0.50836,  whicli  is  a 
little  more  tlian  for  Eteam  {ltd.  dm  Sep-,  II.,  p.  162). 
Density  of  Uquejied  ammonia,  that  of  water  being  anity. 

*  Id  the  Tr<tntaetion»  of  ihe  American  Society  of  Mectianicftl  EoglEeers 
for  1889,  I  used  the  formula  log  p  =  6.8469 -•  and  showed  the  dif- 
ference between  the  compuled  and  obsen'ed  values.  This  formula  U 
nearer  correct  for  higher  pressures. 
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Reducing  this  to  the  equivalent  of  one  pound  and  cubic 

feet  gives 

35  3161 
1.2973  -q-^qJ^  =  20.7985  cu.  ft.  per  lb.  =  v^. 

Value  of  li. 

This  is  89.343  -r-  778  =   0.11483  of  a  thermal  unit; 
hence,  at  this  state,  equation  (28),  p.  49, 

*.  =  0.50836  -  0.11483  =  0.39352 ;  (353) 

and,  equation  (31) 

X  =  1.292;  (354) 

and,  although  y  will  not  be  constant,  it  will  practically  be 
so  for  the  superheated  gas. 

164.  To  find  the  latent  heat  of  evaporation 

of  Ammonia,     From  equation  (74),  p.  95, 

Ae  =  r  (v,  -  V,)  -^  -^  ^' 

in  which  v^  is  the  volume  of  a  pound  of  the  liquid ;  and  as 
this  is  small  compared  with  the  volume  of  a  pound  of  the 
vapor  it  may  be  omitted,  and  we  have,  omitting  also  the 
subscripts, 

lt,  =  rv  ^  ^  778.  (355) 

From  equation  (350)  we  have 

^  =  2196  X  2.3026  £. ; 
rfr  r" 

.■.h,  =  6.49922  ^—.  (356) 

At  the  state  when 

2-^  =  22J!?  =  89.348,  we  have      . 

r  To 

/!•  =  580.66. 
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This  result  must  be  for  a  state  where  €>  >  Co ;  for  the  general  theory  of 
imperfect  gases  shows  that  for  tiie  same  volume  p  ^  t  is  less  for  a  small- 
er pressure,  and  in  this  case  at  the  pressure  po  the  gas  is  superheated, 
and  at  the  point  of  saturation  p  will  be  less  than  po ;  hence  the  latent 
heat  of  evaporation  of  ammonia  must  be  less  than  580.66  wTien  the  specific 
volume  is  20.7985  cubic  feet  * 

The  general  value  ofpv^r  will  be  found  from  the  equation  of  the 
gas.  In  Vol.  II.  of  Experiences,  p.  152,  Regnault  has  given  the  results 
of  his  experiments  upon  the  elastic  resistance  of  ammonia  at  the  constant 
temperature  of  8.1'  C.  (46.58"  F.).  These 
give  the  relations  between  the  pressures 
and  volumes  of  the  actual  isothermal  A  C, 
Fig.  82 ;  the  isothermal  of  the  gas  pass- 
ing through  A,  if  perfect,  being  A  B. 
These  experiments  reduced  to  volumes  in 
cubic  feet  per  pound,  and  pressures  in 
pounds  per  square  foot,  are  given  in  the 
following  table : 


PIG.  82. 


TABLE. 


Relations  between  volumes  and  pressures  op  ammonia  gas  at 

THE  temperature  46.58"  F.t 


PRBSeURES. 

Yolames  en.  ft  per  lb. 

Lbe.  per  sq.  ft. 

Lbe.  per  eq.  In. 

24.3716 

1862.706 

12.98 

28.157 

1958  976 

13.60 

21.944 

2064.096 

14.33 

20.7985 

2178.960 

15.13 

19.568 

2811.200 

16.05 

18.365 

2458.800 

17.08 

17160 

2618.784 

18.19 

15.961 

2822.544 

10.60 

14.762 

8042.288 

21.13 

18.557 

3803.648 

22.94 

12.355 

3617.768 

25  12 

11.1412 

8996.820 

27.76 

*  This  ahowB  that  the  latent  heat  found  by  Ledoax  is  erroneous  (Ice-MaHn^  Maehina, 
\rj  M.  Ledoax,  Van  No«tnind*B  Science  Seriee^  No.  40).  For  the  volume  90.8  cubic  feet 
Ledoax  gives  about  600  B.  T.  U. 

t  Trana.  Am.  Soc.  Mech.  Enfl^neere,  1889. 
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Assuming  in  equatioa  (4),  p.  13,  ae  =  o,  and  neglecting  all    terms 
aft€r  ax,  it  may  be  written  in  tlie  form 


pv  =:  ar  — 


rtj» 


The  first,  sixtli,  and  last  experiments  of  the  preceding  table  give  for  the 
products  p  c,  and  the  corresponding  values  v, 


ar  ^ 


a  T 


ar  — 


T  (24.8716) 
b 


r  (18.365)- 
b 


-^=pv  =  45397. 
=  w  r  =  45156. 


=  p  V  =  44529. 


r(11.141)« 

In  these  equations  r  =  507.24,  and  they  give 

a  =  91  005,  b-  16921  r. 

Letting  a  =  91,  b  .=  16920  t, 

7^€  €quatio7h  of  the  gas  will  be 

^   =  91  —  1^920 
r  TV  ^'^' 

and  hence,  equation  (356), 

The  latent  heat  of  ammonia  is 

6065.7  /_        16920 


n  =  0.97. 
n  =  0.97. 


(357) 


A.= 


778 


=  592  52  (l  -  ^^^) 


(368) 


We  now  proceed  to  find  the  latent  heat  for  certain  states  of  the  fluid. 
In  Fig.  83,  a  represents  the  state  of  ammonia  gas  at  the  temperature  of 
melting  ice  under  the  pressure  of  one  atmosphere,  for  which  the  volume, 
as  found  above,  is  20.7985  cubic  feet  per  pound  ;  that  is, 

oh  =  20.7985,  ha  =  2116.3,  t  =  492.66. 

Let  state  «  represent  the  pressure  and  volume  of  the  first  experiment  in 
the  preceding  table,  for  which 

o  t  =  24.3716,  t  8  =  1862.7  lbs.  per  sq.  ft 

State  e  is  the  last  in  the  table;  for  which 

oj=:  11.141..  >tf  =  8996.8. 


J 
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For  the  state  immediately  below  s,  on  the  curve  of  satumtioD,  ve 

have 

V  =  24  872, 

and  with  the  same  equations  as  in  the  preceding  case,  there  results 

r  =    420.4  ;  .  •.  7  =  — *40*.26  F., 
p  =  1581.1  lbs.  per  sq.  ft.  =  10.6  per  sq.  inch, 
A,  =  579.67  thermal  uniU. 

For  state  m, 

r  =  507.24.  or  T  =  46'.58  F., 

and  from  the  same  equations 

p  =  11988  per  sq,  ft.  =  88.25  per  sq.  inch, 
V  =  8.41  cubic  feet, 
ht  =  526.47  thermal  units. 

For  the  state  for  which 

«  =  8, 

we  find 

r  =  4687;  .'.  r=8MF., 

p  =  5279  per  ft.  =  36.8  per  inch, 

Ae  =  550.52.' 

Assuming  the  form  of  expression  adopted  by  Regnault  for  the  latent 
heat  of  evaporation  of  all  substances, 

Ac=d-«2'-/r*.  (859) 

and,  using  in  it  the  data  for  the  three  last  cases  just  given,  we  have 

526.47  =  d  -  46  58  «  -  2169  7  /, 
550.52  =  d  -  8.1  «  -  6561  /, 
579.67  =  d+      40 «  -     1600 /. 

These  give 

d  =  555.50,  e  =  0.61802,  /  =  0.000219, 

and  equation  (359)  gives  the  following  as 

A  mare  convenient yorrmda  for  the  latent  heat  of  evaj 
ratio7i  of  ammania : 

K  =  555.5  -  0.613  T  -  0.000219  r.  (360) 

The  latent  heat  of  ammonia  vapor  in  the  table  at  the  end 
of  the  volume  has  been  computed  by  means  of  this  formula. 
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165.  Specific  volnme  of  liquefied  ammonia. 

If  the  volume  of  a  pound  of  water  be  0.016  of  a  cubic  foot, 
then  will  the  volume  of  a  pound  of  liquid  ammonia  be, 
equation  (351), 

0.016  {^M  \ 

^'*  ""  0.6502  -  O.UUOi  r*  ^      ^ 

This  formula  is  sufficiently  accurate  for  temperatures  be- 
tween —  5®  F.  and  100°  F.  A  mean  value  gives  about  41 
pounds  per  cubic  foot. 

166.  Specific  volume  of  ammonia  gas.    From 

equation  (84),  page  98, 

778  Ae 

T   ^L£ 
dr 

By  the  aid  of  equation  (350),  after  omitting  the  sub- 
script „  we  have 

The  volumes  in  the  table  of  the  Properties  of  Saturated 
Ammonia  were  computed  from  this  equation.  Since  v,  is 
small  compared  with  v^  it  may  generally  be  omitted. 

167.  Isotliermals  of  ammonia  vapor.    If  the 

vapor  be  saturated,  the  isothermal  will  be  parallel  to  the  axis 
of  V,  as  J.  By  Fig.  74. 

If  the  vapor  be  superheated,  the  equation  will  be  (357), 
after  making  r  constant.     It  will  be 

The  general  equation  of  vapors  in  which  the  last  term  is 
a  function  of  v  only,  will  be 

pv^  ar^L  (364) 
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168*  Adiabatics  of  ammonia  vapor.     If  the 

vapor  be  continually  saturated,  the  equation  of  the  adiabatic 
will  be  {a)  or  (J),  page  184,  or 

t^  =  aj«;  =  (c%!i  +  ?lA]-)  L!L,  (366) 

1  w 

in  which  u  is  the  volume  of  the  vapor  and  liquid  when  only 
the  arth  part  of  the  liquid  is  vaporized ;  but  as,  in  our  analy- 
sis, the  volume  of  the  liquid  compared  with  the  vapor  is 
neglected,  it  really  represents  the  volume  of  the  ai;h  part  of 
a  pound  of  vapor ;  e  is  the  specific  heat  of  liquid  ammonia, 
the  experimental  value  of  which  is 

c  =  1.22876. 

If  the  vapor  he  superheated^  then  the  first  of  equations 
(A)^  page  48,  and  equation  (364)  give 

dn=:K^drJ^r^d^. 

V 

But  for  an  adiabatic  d  II=0\ 

,     jT  dr  dv  ^ 

r  V 

.' ,Kylog  —  r=  a  log  ^ : 
r,  V 

where  v^  and  r,  are  inferior  limits,  and 

To  obtain  an  equation  between  p  and  v  eliminate  r  between 
(366)  and  (364),  giving 
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For  ammonia  gas,  these  become 


F=  (?) 


O'WiSft 


(369) 


^="^:(?)  -^-      ("»> 

=  .i(I)™_--(ir-   (3n, 

the  last  of  which  is  in  terms  of  jp  and  r  as  variables. 

169.  The  specific  lievit  of  the  saturated  tyapor  of 
ammonia  of  constarit  weight  is  neffotive.  Equation  (139), 
page  147,  gives,  omitting  terras  containing  t", 

837.5 

s  ^  c . 

r 

If  c  =  1,  this  will  be  negative  for  values  of  r  less  than  837^, 
or  377°  F. ;  hence,  for  the  range  of  temperatures  ordinarily 
used  in  engineering  practice,  the  specific  heat  of  saturated 
ammonia  is  negative,  and  the  saturated  vapor  will  condense 
with  adiabatic  expansion,  and  the  liquid  will  evaporate  with 
the  compression  of  the  vapor,  and  when  all  is  vaporized  will 
superheat. 

Thus,  in  Fig.  84,  if  B  Cs  be  the  curve  of  saturation,  and 
the  vapor  be  compressed  adiabatically  from  any  point,  as  C, 
on  the  curve  of  saturation,  the  adiabatic  C I  will  rise  above 
jB  C,  and  if  it  be  expanded  from  the  same  point  it  will  fall 
below  Cs.  Equation  (370)  is  the  equation  of  67/,  and 
(3«6)  of  CK,  the  part  below  C. 

170.  Specific  heat  of  liquid  ammonia.  As- 
sume the  volume  m  Jf,  Fig.  84,  of  the  pound  of  liquid  to  be 
constant  at  all  pressures,  and  let  M  Dhe  the  absolute  pres- 
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[170.] 


3  T 


FIG.   84. 


sure  at  the  absolute  temperature  r,  J?  Cs^  the  curve  of  satu- 
ration, D  H^  A  G^  B  Fy  I K^  adiabatics. 
Let  the  vapor  be  expanded  from  D  at  the 
pressure  p  and  temperature  r  until  it  is 
all  evaporated  at  state  (7,  thence  com- 
pressed adiabatically  to  /,  thence  com- 
pressed at  constant  pressure  to  A^  where 
it  is  liquefied,  thence  by  the  abstraction  of  heat  let  the  pres- 
sure be  reduced  to  D ;  then 

HDAG'\'  GAIK=nDCK+DCIA. 

Let  the  temperature  oi  A  Bhe  r  '\'dr^  and  of  7^  r-|-  rf  t', 
for  the  vapor  from  B  to  I  will  be  superheated,  its  tempera- 
ture increasing  with  increase  of  volume ;  then,  if  c  be  the 
specific  heat  of  the  liquid, 

HDAG^Jcdr, 
nCIA  ^vdy, 

GAIK=  GABF+FBIK, 

K  —  K'  =  —  rf  Ae ; 

djy      dK       ,    fdr' 


(372) 


c  - 


Equation  (360)  gives,  since  dt  =i  d  T^ 

//  h 

--r^  =  0.6130  +  0.000438  T, 
d  r  ' 

From  equation  (350)  find 

-^    4^  =  6.49922  ^^  . 
J    dr  r' 

Differentiating  (371),  after  which  change  dr  to  dr'  and 
drop  all  subscripts  in  the  second  member,  and  (372)  becomes 

0.50836  X  2^26  X  2196 
_11£135_^ 
re®*' 


=  1.12186  +  0.000488  T-f  -^,^r"6.4»922  -  ?i^?§??L> 

^    j  897.18- 
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In  the  expansion  chamber  the  vapor  expands  against  a  re- 
sistance, reducing  the  pressure  from  jk>,  to  p^  and  tempera- 
ture from  r,  to  t„  doing  the  work  A  D  J^  and,  assuming 
an  adiabatic  change,  the  expression  for  the  work  w^ill  be 
found  by  writing  a?,  for  a?,  and  a?^  for  a?,  in  the  preceding 
equation,  since  all  the  other  quantities  will  remain  the  same ; 

.-.  P  =  ^i>c7=e/[(?(r,-T.)  +  a;.Ae, -aJ.Aj.     (375) 

After  the  vapor  is  forced  into  the  condensing  chamber,  its 
specific  volume  is  reduced  by  condensation  from  AEto  A 
(and  for  the  sake  of  generalizing  the  analysis  we  assume  for 
the  present  that  it  is  not  reduced  entirely  to  a  liquid  at  -4, 
but  that  a?,  has  a  finite  value),  and  the  heat  emitted  from  the 
circulating  fluid — and  absorbed  by  the  condenser — will  be 
the  area  between  EA  and  the  indefinitely  extended  adiabat- 
ics  A  J  and  E  F^  or, 

n,=J  {x,  -  a?,)  Ae, ; 

and  the  heat  absorbed  by  the  circulating  fluid  (ammonia  or 
brine),  which  is  taken  from  the  refrigerating  room^  will  be 

-11,  = -J  {w,  -  X,)  A., ;  (376) 

then, 

Since  the  cycle  is  Camot's,  we  have 

(»,  —  a?,)  A„  __  (aj,  —a?,)  h^  . 


(377) 


T. 


.-.v -  V  =  J(x,- x;) (-■  - 1) A„. 

The  efficiency,  referred  to  the  work  done  by  the  com- 
pressor, will  be 
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about  15°  F.,  and  that  of  the  brine  may  be  between  0°  F. 
and  5°  F. 

172.  Yolume  of  the   compressor   cylinder 

per  n  pounds  of  ammonia  per  stroke. 

Let  V  be  the  required  volume  in  cubic  feet  and  v  the 
volume  of  a  pound  of  ammonia  gas  at  the  lower  tempera^ 
ture,  equation  (362),  then 

r=nv.  '    (386) 

173.  Volnme   of  the  compressor  cylinder 

to  produce  a  given  refrigerating  effect. 

Let  \  be  the  thermal  units  abstracted  per  pound  of 
ammonia, 

q  =  n^h^^  the  required  number  of  thermal  units  to  be  ab- 
stracted— which  will  also  be  a  measure  of  the 
refrigerating  power, 

F,  the  volume  swept  over  by  the  piston  or  pistons — con- 
sidered single-acting — per  revolution, 

iT,  the  number  of  revolutions  per  minute, 

Vj  the  volume  of  a  pound  of  ammonia  gas  at  the  lower 
temperature, 
then 

...iVr=^.  (387) 

174.  Duty.  The  duty  of  a  refrigerating  plant  may 
be  referred  to  the  number  of  thermal  units  required  to  melt 
one  pound  of  ice.  The  latent  heat  of  fusion  of  ice  at  the 
pressure  of  one  atmosphere  is  144  thermal  units  (page  89), 
and  if  A,  be  the  thermal  units  abstracted  by  the  circulating 
fluid  per  pound,  then  will  the  duty  be 

Ice-capacity^  lbs*  =  ttj--  (388) 
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Liquid  evaporated  to  reduce  temperature,  Eq.  (385).. .  Xa  =    0.111. 

Latent  bout  of  evaporation  at  O*"  F A«9  =    555.5. 

Refrigeration  {tev  pound,  £q.  (882),  thermal  units.. . . .  /i«  =    456.1. 

Condenser,  heat  removed,  £q.  (381) h^  =    517.5. 

Work  per  revolution  per  pound,  thermal  units {hi  —  ht)  =     61.4. 

"   minute,  thermal  unils (/i,  ~  4,)  W  ■*- HO  =  1542.8. 

Horse-power,  1542.8 -*•  (83000 -*•  778) K  P.  =    86.86. 

Efficiency,  Eq.  (378) Ei  =      7.42. 

Heat  removed  from  cold  room  per  hour TT'  A»  =  687400. 

Effectual  heat  removed.  0.85  X  0.50  X  687400 =  202145. 

Heat  expended  in  freezing,  per  lb.,  80  +  i  of  8  +  144,  =       178. 

Ice  per  hour,  292245  ■•-  178,  lbs =     1641. 

Ice  per  horse-power  per  hour,  lbs. =      45.1. 

I'he   IHP.    of    the   steam-engine   should   be   about 

86.36 -•-0.6 -HIP.  =         60. 

Ice  per  IHP.  would  then  be  45.1  X  0.6  lbs. 27. 

At  4  lbs.  coal  per  IHP.  per  hour,  lbs.  of  ice  per  lb. 

coal =       6.8. 

12.  If  120000  poands  of  brine  passing  through  the  cold 
room  per  liour  has  its  temperature  increased  5.2°  F.,  spe- 
cific lieat  0.80,  at  an  expenditure  of  2000  pounds  of  steam 
generated  by  tlie  burning  of  200  pounds  of  coal ;  how  many 
pounds  of  water  may  be  frozen  at  and  from  32°  F.  per  pound 
of  coal  burned  ?  Ans.  17. 

(This  data  is  almost  exactly  that  of  an  actual  case.) 

Case  in  which  the  Gas  is  Superheated  by  Compbession. 

175.  Superheating.  It  will  be  seen  from  tlie  pre- 
ceding exercise  that  the  adjustment  of  liquid  to  vapor,  in 
order  to  insure  the  largest  result  per  pound  of  ammonia 

^ ^1  must    be  dehcate,   and    can   hardly  be 

-— — ^J^         realized  in  practice;   we  therefore   will 

^^     I  jx*     ^ow   assume   that,  when  the  compressor 

«     !  1  cylinder  is  full,  the  fluid  is  all  gas,  with  no 

! t-^i —      liquid  present,  and  is  superheated  at  state 

FIG.  8«.  fy     j^  compressing  it  adiabatically,  let 

the  path  be  CI.     If  C  were  on  the  curve  of  saturation, the 
vapor  would  become  superheated  by  adiabatic  compression. 
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"6  r'.  Tliie  preBBnre  is  assumed  to  be  constant  during 
densation  ;  during  the  first  part,  from  I  to  B,  the  eon- 
satioD  is  produced  by  a  reduction  of  tlie  temperature  and 
line,  until  the  temperature  is  tliat  of  saturation,  t„  nn- 
tlie  pressure  p„  while  from  B  to  A  the  temperature  and 
isure  are  both  constant,  and  the  reduction  of  volume  is 
cted  by  the  condensation  of  vapor  toa  hquid.  Aaeuming 
the  specific  heat  of  the  vapor  is  constant  at  constant 
isure,  tlien,  for  complete  liquefaction,  the  heat  abstracted 
lie  operation  I A  will  be 

/*,  =  Cp(r'  -  r,)  +  A„.  (396) 

LSBunie  that  heat  is  abstracted  from  the  liquid  at  constant 
ime  from  state  A,  reducing  the  pressure  from  p,  to  p„ 
temperature  from  t,  to  r, ;  the  path  of  the  fluid  will  be 
9,  and  the  heat  so  abstracted  will  be  JIJ)  A  G.  If  this 
heat  be  abstracted  from  the  circulating 
fluid  in  the  cold  room,  then  will  the  room 
absorb  that  amount  of  heat,  and  in  the 
evaporation  and  expansion  afterward  an 
equal  amount  of  heat  must  be  supplied 
ria.  »j.  from  the  cold   room   at  the  lower  tem- 

iture  before  any  useful  amonut  can  be  abeorhed  by  the 
ulating  fluid  ;  and  if  /J  J)  J  g  be  tlie  amount  so  absorbed 
have 

II  DA  G  =  H  Djg. 

he  heat  emitted  will  be 

II  D  AG  =  c{r,-  T,). 

et  n  Dj  g  be  the  latent  heat  of  evaporation  in  the  a;,th 
;  of  a  pound  of  vapor  at  the  temperature  t,  ;  then 

x,k„  =  c  (r,  -  r^.  (397) 

his  value  of  Xt  is  lUe  same  oa  Xi  Id  (860),  when  u"  =  0  ;  but  exceeds 
Eq.  (88S) ) 
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ReUln  result!  odIj  Io  the  neantat  tentb. 
Inferior  temperaiure,  £q.  <850) 

Ab^lute  temperature  at  state  C.  460.8  +  ' 

Superheating 

Greatest  volume  of  a  pound,  Eq,  (851)  for; 
At  /,  absolute  temperature,  117  +  480.6. 

"      volume.  Eq.  (86») 

"     pressure,  Eq.  (870). 

From  B  to  A,  abanlute  t«mpemturc,  Eq, 

Fall  of  temperature  from  .^  to  i> 

Heat  absorbed  during  this  fall  of  tempera 
Latent  heat  of  evaporattount—  r.9  F.,  S> 

"      ••     -  "         "     66.3, 

Heat  rejected  duriug  condeusation,  Eq.  (f 

Refrigeration  ptr  lb ,  Eq.  (898) 

Work  done  by  tbe  compressor,  per  lb. ,  £ 
Effldency,  Eq.  (401) 

177.  Experimental  Resi 

and  results  are  token  from  the  re 
Vergne  refrigerating  plant  Iiy  Me 
C.  H.  Page,  Jr.,  Iiaving  a  nomin; 
about  110  tons  in  24  hours.  It '' 
ing  condition  and  was  run  at  ab( 
capacity.  Only  tlie  ice  plant  was  ii 
It  consisted  of  two  single-acting  ver 
driven  by  a  borizontal  double-actin. 
in  Fig.  80,  a  feed  pump  and  a  c 
during  11  hours  and  30  ininutcE 
of  tbe  builcrs,  as  the  first  indica 
it  was  c<)nsidered  advisable  to  cli 
l>c  seen  that  the  secoud  test  nisi 

Tbe  SBCond  test  was  duriug  12  hours,     ah  ine  lustniments 
used  in  tbe  test  were  carefully  standardized.    (Thesis  1887.) 
PrEL,  Furnace  and  BoiLKite. 
Tlierc  wore  two  double  return  flue  boilers  arranged  to  run.  automati- 
cally, between  60  His.  and  70  lbs.  prcHsure  (gauge). 
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Coal  per  I.H.P.  per  hour  for  engine  and  pump 8.00. 

Combustible  for  I.H.P.  per  hour,  lbs. 2.91. 

COMFRESBOR. 

Number  of  cylinders,  single-acting 2. 

Length  of  stroke,  inches 86. 

Diameter  of  pistons,  each,  inches 18. 

Area  head  end  of  pistons,  each,  sq.  in 254.47. 

Average  number  of  revolutions  per  m 81.720. 

Piston  displacement  per  stroke,  cu.  ft 5.301. 

"    hour,  both,  cu.  ft 20179. 

Volume  of  sealing  oil  per  hour,  cu.  ft 143,8. 

Volume  filled  with  gas  per  hour,  both,  cu.  ft 20086. 

Indicated  horse-power,  mean 76.0892. 

Heat  eq.  of  work  by  compressor  per  hour,  B.  T.  U 198645. 

Efficiency  of  compressor  from  coal 7^55^7^  =  0.0407. 

40oS3vUl 


41 


**  mechanism 0.755. 

Temperature  of  ammonia  entering  compressor,  Deg.  F 57.7. 

leaving           "              "       116.1. 

Absolute  pressure  entering  compressor,  lbs 28.88. 

leaving           "            " 182.01. 


<<  <<  lAt%-mriw%rm  <*  «» 


Ooiovpreseor^ 


HP  »  ^3^5'*  Ol^Q 
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Jltmosplieric  Xiiie . 
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PIG.  88. 

Fig.  88  is  an  exact  copy  of  one  of  the  indicator  cards  taken  from  one 
of  the  compressor  cylinders.  The  lines  nearly  vertical  at  the  upper  part 
of  the  diagram  are  due  to  the  oscillations  of  the  indicator  spring. 
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horse-power  of  the  engine.      (One  result  is  given  as  48.8 
pounde,  but  the  test  was  of  too  sliort  duration  to  be  reliable.) 

If  4:  pounds  of  coal  were  used  per  H.  P.  per  hour,  then 
there  would  be  produced  about  4.8  to  9.3  pounds,  net,  per 
pound  of  coal  consumed. 

Ledoux  remarks  that  manufacturers  estimate  about  56 
pounds  per  horse-power  per  hour  measured  on  the  driving- 
shaft  ;  hence,  if  the  delivered  power  be  0.80  of  the  indi- 
cated, this  would  be  equivalent  to  about  45  pounds  of  ice 
per  indicated  horse-power.  M.  Schroter's  tests,  and  the 
following,  by  Mr.  Shreve,  show  that  this  is  too  high,  if 
commercial  ice  is  intended. 

Tffe  amount  of  ice  made  depends  upon  many  conditions : 
as,  clearances  in  the  cylinders,  friction  of  mechanism,  speed 
of  engine,  losses  along  the  pipes,  losses  in  opening  the  valves, 
leakage,  losses  by  unavoidable  radiation,  losses  at  cans  b^' 
water  unfrozen  and  ice  cleavages;  and,  these  being  con 
sidered,  it  seems  advisable,  in  designing,  to  assume  less  than 
one-third  the  pounds  of  ice-melting  capacity  for  the  probable 
pounds  of  commercial  ice  to  be  produced. 

178.  Test  of  an  ice-making:  plant.  An  ice- 
making  plant  of  the  Cincinnati  Ice  Manufacturing  &  Cold 
Storage  Co.  was  tested  in  1888,  by  Messrs.  A.  L.  Shreve 
and  L.  W.  Anderson,  chiefly  to  determine  the  amount  of 
solid  ice  which  could  be  manufactured  in  24  hours  with  the 
plant  running  under  normal  conditions.  The  plant  con- 
sisted of  two  25-ton  (nominal)  and  one  50-ton  ice-machines, 
boilers,  pumps,  etc.,  used  in  actual  ice-making.  Wliile  the 
machinery  was  doing  its  regular  work,  at  a  certain  hour, 
the  steam  pressure  was  observed  to  be  75  pounds  (gauge), 
.  and  all  the  conditions  of  the  furnace,  engines,  and  plant 
generally  were  observed,  and  the  conditions  continued  as 
nearly  uniform  as  possible  for  24  hours,  during  which  time 
108.87  tons  (of  2000  lbs.)  of  ice  were  drawn,  from  which 
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ammonia  is  generated  and  rises,  passing  throngli  tortiiouo 
ways  in  tlio  analyzer  C;  tlieneo  to  tlie  condenser  ^,  The 
stuam  whicli  rises  in  tlie  analyzer  C  is  partly  condensed 
as  it  approaclies  tlie  npper  end  of  the  vessel  and  falls  hack 
to  the  generator,  and  that  which  passes  into  the  coils  over 
D  is  led  back  by  the  ammonia  drip,  so  that  nearly  pure 
ammonia  gas  enters  the  condenser  D.  Here  the  ammonia 
is  at  its  highest  pressure  and  temperatnre,  and  its  state  may 
he  represented  hy  B,  Fig.  90,  or  by  the  upper  right-hand 
comer  of  the  indicator  diagram  of  Fig.  8S.  The  ammonia 
gas  passes  through  coils  of  pipes 
in  the  condenser,  aI>out  which 
circulates  water;  the  ammonia 
being  condensed  to  a  liquid  under 
a  constant  pressure,  the  path  of 
the  fluid  l>eing  repre8ent«d  by 
S  A,  Fig.  90.  The  liquid  passes 
^'^'  ""■  to  the  lower  part  of   the  coils, 

or  to  a  receiver  especially  provided,  and  thence  through 
a  cock,  hy  whidi  the  reduction  of  pressure  is  regulated  as 


metut 
Averag 


"         per  pound  of  steam,  B,  T.  U 248. 

Ice-meltiDg  capacity  pur  10  lbs.  of  sleam,  lbs IT.l. 


Calorics,  refrigerating  effect  per  kilo,  of  slenm  consumed 

Ileal  rejected  atcoDtlcnscr  per  hour,  B.  T.  U 918000. 

'  absorber 1116000. 

"    conaumedbygeoernlorpcr  lb.  of  3t«im  condensed,  B.  T.  U. 

Condensing  water  per  liour,  lbs S9000. 

Condensing  coil,  appro.x.  sq,  fl.  of  surface 

Absorber       '  "        "     "    "        "    

Pump,  AmmoDia.  dio.  steam  cyl.,  in 

■'  "  "   ammonlacfl.,  in H. 
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181.  Essential  principle.  Oomhusium,  chemi- 
cally speaking,  is  the  combiDation  of  chemical  eleinente 
prodncing  heat.  Burning^  popularly  speaking,  is  tlie  re- 
sult of  a  rapid  combination  of  oxygen  with  other  ele- 
ments. Carbon  and  hydrogen  are  tlie  chief  elements  of  the 
fuel  used  for  engineering  purposes.  Sulphur,  another  ele- 
ment, is  frequently  present,  but  is  comparatively  of  little 
value. 

When  two  substances  unite  chemically,  forming  a  sub- 
stance different  from  eitlier,  it  is  said  tliat  a  chemical  affiwly 
exists  between  them.  The  difference  between  a  meclianical 
mixture  and  a  chemical  combination  may  be  illustrated  in 
the  case  of  gunpowder.  The  process  of  manufacture  makes 
a  mechanical  mixture  of  charcoal,  sulphur,  and  nitre,  but  if 
the  gunpowder  he  fired  a  chemical  combination  results  and 
a  large  volume  of  gas  is  produced,  generating  a  large 
amount  of  heat  and  developing  a  strong  elastic  force  ;  and 
the  original  substance  entirely  disappears  and  new  sub- 
stances composed  of  different  combinations  of  the  original 
elements  are  formed. 

Definite  proportiong.  In  every  chemical  compound  a 
definite  and  unvarying  proportion  of  its  elements  exists 
among  themselves. 

For  instance,  in  water  there  is  always  8  times  as  much 
oxygen   by  weight  as  there  is  of  hydrogen,  so  that  in  100 
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pounds  of  water  there  is  88.8  pounds  of  oxjgei 
pounds  of  hydro^n.  Any  cltemical  compoun 
gen  and  hydrogen  in  otlier  proportions  would 
stance  entirely  different  from  water ;  or,  if  in  tht 
there  were  some  other  element,  as  carbon,  the 
would  also  be  different  from  water. 

The  comical  equivalent  or  atomic  weight  is  ex 
a  delinite  number,  and  the  chemical  principle  < 
proportions  may  be  expressed  in  the  form  of  the  t 
ing  laws : 

1,  The  proportions  by  weight  in  which  substs 
bine  chemically  can  all  be  expressed  by  theii 
equivalents,  or  by  simple  multiples  of  their  chemi< 
lents. 

2.  The  chemical  equivalent  of  a  compound  is  t 
the  eheraiisal  equivalents  of  its  constituents. 

Perfect  gaeea  at  a  given  pressure  and  tempen 
bine  in  proportion  to  their  volume. 

Neglecting  fractions  the  following  are  the 
equivalents  for  the  principal  elementary  conetiti 
which  we  have  to  deal  in  fuel  and  air  : 

TABLE  I. 


0«ygen.. . 
NftTogea.. 
Hydrogen, 

Sulphur.'.'. 


The  composition  of  a  compound  substance  is  in 
writing  the  symbol  of  the  elements  one  after  the 
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ig  to  each  eymbol,  in  tlie  form  of  a  snbseript,  tiie  num- 
f  its  equivalunts  whicli  enter  into  one  equivalent  of  the 
ound.  Thus,  water  contains  two  chemical  equivalents 
drogen  to  one  of  oxygen,  and  is  indicated  by  the  ex- 
ion  U,  O  ;  and  the  constituents  hy  weight  will  be  2  U 
O.  Similarly,  C  0„  carbonic  acid,  contains  one  eqniva- 
if  carbon  and  two  of  oxygen,  and  by  weight  12  C  -|- 

e  following  table  gives  the  composition  of  several  sub- 


Muds. 

ir 

if 

If 
If 

Pi 

1 

H,0 

NH. 

CO 

CO, 

C.H, 

CH, 

8  0, 

8H, 

8,C 

NTTH 

Ha- 

H8- 
C13- 

cia- 

0  13- 

cia. 
s  as- 

8  33- 
8  U- 

f-028 
0  16 
-NU 
-0  16 
-083 
-H3 
-H4 
-033 

■  na 

■C  13 

100 
18 
17 

as 

44 
14 
16 
64 
94 
76 

H3- 
H3H 

C- 

c- 

1-0 

■N 
-0 

-oa 

-H2 
■  H4 

lie  oxide 

lie  acid 

itga« 

gas  or  fire-damp. 

tTousacid 

■retted  Iwdrogen. 
liuret  of  carbon. 

s 
a 
a 
i 
a 

3 
3 

ft  cliemlcal  compound,  but  a  mechaoical  mixture  of  nitrogen 


H,  The  heat  of  combustion  of  one  pound  of  a 
ince  combining  with  sufficient  oxygen  to  completely 
it  has  been  found  by  experiment  Tlie  usual  process 
lurronnd  a  suiall  furnace  with  a  quantity  of  water  so 
^  as  to  prevent  the  escape  of  heat ;  the  increased 
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!  produced  in  the  water  by  the  bi 
16  fuel  in  the  famace  being  a  n 
mbustion."  The  results  of  the « 
Silberman  are  given  in  the  follow! 


TABLE  III 


'    HEAT    RVOLVB 
i   OBTAINED  K1  FAI 
UNIT  OF  TEUFKRATlini  0MB  DBaBBE  ] 


SabMance. 

Formula 

H 

CO 
CH. 
C,H. 

Ci.H,. 
C,  H.  0 
C„  H.,  0, 
C8, 

C 

Pk 

OAfaKfl. 

CO, 

uqoiDB. 

CO., 

>M) 

CO.. 

""- 

JCC 

'e).,i. ^..,- 

bserred  by  Andrews.). . 

8 
P 

BO. 
PiO, 

units  in  a  pound  of  fuel  will  be  r 
anits  of  coinbnstion  of  its  consti 
e,  olefiant  gas  :  According  to 
aivalents  hy  weight  are  14,  of  whie 


or, 
froi 

gii,_, _. 

a  gives  f  of  14554  =  12475  "    "     " 
=  21337  "    "     " 

rmal  unite  less  tban  tlie  value  given  in 
sd  from  experiment. 

constitnents  are  carbon,  hydrogen,  and 
d  that  the  total  heat  of  combustion  in 
ven  nearly  by  the  following  formula ; 

500  (^+ 4.28  (//-i  0)), 

^---,  reduces  the  hydrogen  to  an  equiva- 

^  0  ie  deducted  from  tiie  hydrogen,'  for 
he  oxygen  present  unites  with  the  liydro- 
!r.     Such   subBtancea   are   called  hydro- 

if  combustion  is  usnally  computed  from 
8,  as  shown  on  page  261. 
ble  gives  the  total  heat  of  combustion  of 
fournal  of  United  Sei'vice  Institution, 
67 ;  Box  On  Heat,  p.  60).  The  speei- 
est  quality,  and  are  too  high  for  ordinary 
cial  coal  of  similar  grade  would  be  about 
rglueB.  Commercial  Lehigh  (antlitaeit^), 
titute,  gave  12229  B.  T.  U. 
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TABLE    IV. 

TOTAL  RKAT  OF  COMBUfiTION  OF  FUEL. 


I.  CSARCOAL — from  wood. 
■*  from  peat. . 

n.  Cork— good 

"        iniddliDK 

bad 

in.  CoAL- 

1.  AntbruciM 

3.  Dry  bituminous 

3.     '•  ■'  

6.  "        '•      !!!!!!!!! 

6.  Caking  

7.  "      

8.  Cannel 

9.  Dtv  long  flaming 

10.  Lignite  

IV.  Peat— dry 

"        containing  25$ 

V.  Wood— Dry 

"        CDDtaining  203  moisture, 
VL  Mineral  Oil— 


183.    The  Incombostible  matter  is  i 

The  priacipal  ingredients  of  ash  are  sliown  in  tlie 

analysis,  which  is  from  tlie  geological  survey  of  ( 

BitDtniDOus  coal.     Percentage  of  ash,  5.13. 

Silica 

Alamina 

Bmquloiide  of  iron 
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Aa ft«8 

oodaoda 1.08 

wricacid 0.18 

ricftcid 0.24 

r.  combiDed  0.41 

roportiona  vary  greatly  with  different  fuels. 

i.  Air  required  for  combustion.  Consider 
carbon.  The  chemical  etjuivalent  of  oxygen  in,  ae- 
g  to  Table  I.,  ff  of  that  of  carbon.  If  the  carbon  be 
etely  bnrned,  C  0,  ib  formed,  so  tiiat  the  proportion 
ight  will  be  }j  of  oxygen  to  1  of  carbon.  According 
>le  IL,  0.23  of  the  air  by  weight  is  oxygen ;  hence 

Weight  of  air  per  &.  of  carbon  =  H  -i-  0.88  =  18  lbs.,  neariy. 
:lie  componnd  contains  carbon,  hydrogen  and  oxygen, 
11  have,  nearly, 

U  of  air  per  U>.  fud  =  ^  =  12  C  +  36  (/T-  J  O). 

I  following  table,  compated  from  this  formula,  is  given 
nkine. 


»... 

C. 

H, 

o. 

A. 

0.9S 
0.80 
0.04 
0.615 
0.87 
0.85 
0.75 
084 
0.77 
0.70 
0.58 
0.50 
0.85 

0.OB3 
0.05 

o.oe 

0.05 
0.06 
0.05 
0.0» 

o.oe 

0.15 

0026 
0.04 

O.oe 

0.05 

o.oe 

0.15 
0.20 
0.31 

0 

9.6 

10.98 

dry  long  flwning 

10..«2 
&.80 

768 
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T,  -  r.  =  _115^_  =  2454^  F. 
•       25  X  0.237 

The  only  measurement  with  a  pyrometer  which  has  come 
to  my  notice  gives  a  much  lower  temperature  than  is  found 
by  this  formula. 

187.  Height  of  chimney.  The  height  of  the 
chimney  to  produce  a  natural  draft  must  be  such  that  the 
difference  between  the  weight  of  a  column  of  the  hot  gases, 
having  one  square  foot  for  its  base  and  height  equal  to  the 
height  of  the  chimney,  and  that  of  a  column  of  equal  height 
of  external  air,  shall  produce  the  required  velocity  of  air  in 
the  chimney. 

Let  w^  be  the  weight  of  fuel  burned  in  the  furnace  per 

second, 
Fo,  the  volume  of  the  air  at  32°  supplied  per  pound 

of  fuel  burned, 
r,,  the  absolute  temperature  at  32^, 
A^  the  area  of  the  cross-section  of  the  chunney, 
m,  JL  -7-  perimeter  of  chimney, 
Tj,  the  absolute  temperature  of  the  gases  discharged 

from  the  chimney, 
Wy  the  weight  of  a  cubic  foot  of  the  hot  gases, 
Z,  the  length  from  the  furnace  to  the  top  of  chimney, 
tCy  the  velocity  of  the  current  in  the  chimney  per 

second ; 
then,  if  24  pounds  of  air  be  supplied  per  pound  of  fuel, 

F.  =  25  X  12  =  300  cu.  ft. 
fuA  =  w^V^^=^  volume  of  gases  per  second ; 

At, 

w  =1*  (0.0807  +  4). 
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Tliis  in  the  preceding  equation  g 

h  =  n. 

In  tlie  eolution  for  a  inaximnm, 
an  aBsamptioo  which  ofiects  the 
amount. 

Tlie  height  of  a  chimney  is  o 
rounding  circumstances,  and  Bome 
ditions  of  future  use ;  and  in  such 
computation. 

In  ordinary  practice  chimneys  ai 
dred  and  twenty  feet.  Above  one 
of  additional  height  ie  comparative 

The  tallest  chimney  of  which  we 
feet  high,  eleven  feet  and  a  half 
and  ten  feet  at  the  top.  It  was  li 
I^ad  Mining  Co.  (Van  Nostrand' 
204).  For  dimensions  of  large  cliim 
Mng.  Mag.,  September,  1883,  pag( 
Soc.  Civ.  Engineers,  1885 ;  also  1 
D.  Van  Nostraud. 
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mal.  We  will  consider  it  ajs  exactly  2.8  in  this  analysis,  according  to 
which,  there  being  7000  grains  in  a  pound  and  15.482  grains  in  a  gramme, 
we  have  for  the  equivalent  energy 

2.8  X  15.482  ,^  0  ^^    772  X  144       .^  .    ,  , 
7000—    ^  5  ^  0.155  X  60  =  ^^^  ^^^PO^^^s 

per  second  for  each  square  foot  of  surface  normally  exposed  to  the  sun's 
rays,  which  value  we  will  use.  Beyond  these  facts,  no  progress  can  be 
made  without  an  assumption.  Computations  have  been  made  of  the 
density,  and  also  of  the  elasticity,  of  the  ether  founded  on  the  most  arbi- 
trary, and  in  some  cases  the  most  extravagant,  hypotheses.  Thus,  Her- 
Bchel  estimated  the  stress  (elasticity)  to  exceed 

17  X  10*  =  (17,000,000,000)  pounds  per  square  inch  ; » 

and  this  high  authority  has  doubtless  caused  it  to  be  widely  accepted  as 
approximately  correct.  But  his  analysis  was  founded  upon  the  asanrnp- 
tion  that  the  density  of  the  ether  was  the  same  as  that  of  air  at  sea-level, 
which  is  not  only  arbitrary,  but  so  contrary  to  what  we  should  expect 
from  its  non-resisting  qualities  as  to  leave  his  conclusion  of  no  value. 
That  author  also  erred  in  assuming  that  the  tensions  of  gases  were  as  the 
wave-velocities  in  each,  instead  of  the  mean  square  of  the  velocity  of  the 
molecules  of  a  self -agitated  gas  ;  but  this  is  unimportant,  as  it  happens  to 
be  a  matter  of  quality  rather  than  of  quantity.  Herscfael  adds,  "  Consid- 
ered according  to  any  hypothesis,  it  is  impossible  to  escape  the  conclusion 
that  the  ether  is  under  great  stress."  We  hope  to  show  that  this  con- 
clusion is  not  warranted  ;  that  a  great  stress  necessitates  a  great  density  ; 
but  that  both  may  be  exceedingly  small.  A  great  density  of  the  ether 
not  only  presents  great  physical  difficulties,  but,  as  we  hope  to  show,  is 
inconsistent  with  the  uniform  elasticity  and  density  of  the  ether  which 
it  is  believed  to  possess  ;  and  every  consideration  would  lead  one  to  ac- 
cept the  lowest  density  consistent  with  those  qualities  which  would  enable 
it  to  perform  functions  producing  known  results. 

In  a  work  on  the  Phyncs  of  EtJier,  by  8.  Tolver  Preston,  it  is  esti 
mated  that  the  probable  inferior  limit  of  the  tension  of  the  ether  is  500 
tons  per  square  inch,  a  very  small  value  compared  with  that  of  Herschers. 
But  the  hypothesis  upon  which  this  author  founded  his  analysis  was — 
The  tension  of  the  ether  exceeds  tlie  force  necessary  to  separate  the 
atoms  of  oxygen  and  hydrogen  in  a  molecule  of  water  ;  as  if  the  atoms 
were  forced  together  by  the  pressure  of  the  ether,  as  two  Magdeburg 
hemispheres  are  forced  together  by  the  external  air  when  there  is  a 
vacuum  between  them.  This  assumption  is  also  gratuitous,  and  is  re* 
jected  for  want  of  a  rational  foundation. 

Young  remarks  :  "  The  luminiferous  ether  pervading  all  space  is  not 

*  Familiar  Lechiret,  p.  2&3. 
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equations  the  only  hypothesis  in  regard  to  the  path  of  a  particle  is — It 
will  move  along  the  path  of  least  resistance.  The  expression  V^  cc  e-^6 
is  generally  true  for  all  elastic  media,  regardless  of  the  path  of  the  indi- 
vidual molecules.  Indeed,  granting  the  molecular  constitution  of  the 
ether,  is  it  not  probable  that  the  Kinetic  theory  applies  more  rigidly  to  it 
than  to  the  most  perfect  of  the  known  gases  ?  * 

The  183  foot-pounds  of  energy  per  second  is  the  solar  heat  energy  in  a 
prism  whose  base  is  1  square  foot  and  altitude  186300  miles,  the  distance 
passed  over  by  a  ray  in  one  second  ;  hence  the  energy  in  1  cubic  foot 
will  be 

Where  results  are  given  in  tenth-units  of  high  order,  as  in  the  last  ex- 
pression, it  seems  an  unnecessary  refinement  to  retain  more  than  two  or 
three  figures  to  the  left  hand  of  the  tens  ;  and  wo  will  write  such  expres- 
sions as  if  they  were  the  exact  results  of  the  computations. 

If  Fbe  the  velocity  of  a  wave  in  an  elastic  medium  whose  ooefl^dent 
of  elasticity,  or  in  other  words,  its  tension,  lae  and  density  d,  both  for  the 
same  unit,  we  have  the  well-known  relation 

And  for  gases  we  have 

e  =  <J^, 

where  y  =  1.4 ;  and  the  differential  of  the  latter  substituted  in  the 
former  gives 


=  A'- 


(2) 


The  tension  of  a  gas  varies  directly  as  the  kinetic  energy  of  its  mole- 
cules per  unit  of  volume.  If  v'  be  the  mean  square  of  the  velocities  of 
the  molecules  of  a  self -agitated  gas,  we  have 

€  X  J  t',  or  r*  =  ;r  7 »  (3) 

where  ir  is  a  factor  to  be  determined.     Equations  (2)  and  (8)  give 

r«  =  ?  K*.  (4) 

y 

Assuming,  with  Clausius,  that  the  heat  energy  of  a  molecule  due  to  the 
action  of  its  constituent  atoms,  whether  of  rotation  or  otherwise,  is  a 
multiple  of  its  energy  of  translation,  we  have  for  the  energy  in  a  unit  of 
volume  producing  heat. 


•  See  also  remarks  by  O.  J.  Stoney,  PMi.  Mag.,  1866  [4]  XXXYl..  pp.  188, 188. 
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where  y  ie  a  factor  to  be  detemiiaed.  If  c  be  tbe  apt 
u  iU  weight  per  cubic  foot  M  the  place  where  ;  =  8 
cfatuical  equivalent,  r  its  absolute  temperature  ;  thea  i 
of  a  cubic  foot  of  tbe  medium  will  be«uT,/^;  andobse 

which,  reduced  by  (4),  glree 

**-      y.     • 

the  second  member  of  which  is  <!onstaiit  for  a  give 
value  we  have 

Hydrogen. 

Bpeciflc  heat.* 3.4098 

Velocity  of  sound,  feet  per  aecond,  at )         ,,„„ 

r  =  41)3,3° (4168 

and  ;  =  82.3,  y  =  1.4,  J  =  Ttl.  These,  substitu 
memtKr  of  (C),  give 

«  y  for  hydrogen, 

"      oxygen, 


IliiB  value,  which  is  nearly  couataut  for  the  more  per 
poae  to  call  tAe  madalat  iif  tha  gat,  anA  represent  it  by^ 
poses  of  this  paper  we  will  use 

/I  =  6.6. 

This  relation  of  the  product  z  y  being  a  constant,  hi 
Informed,  been  overlooked  by  physicists,  and  is  wort^ 
since  it  determines  the  value  of  one  of  the  factors  i 
been  found.  ErUnig,  CkusiuB.f  and  Maxwell  give 
number  8,  but  variable  values  for  y.\ 

We  are  confident  that  the  value  of  j:  is  not  strictlj 
Is,  It  exceeds  S,  since  the  effect  of  the  viscosity  of  a  ga 
a  larger  velocity  to  produce  a  given  lension  than  if  it 

■  Stewart  on  Heat,  p.  )SB. 
*PhU  Mag..  1857  [*]  XIV.,  p.  ISl 

t  TAwry  <f  Heal,  pp.  SM  utd  SIT.  Nuvell  aUUia  thit  the 
•qui  to  LOU  for  ilr  aai  sereral  ot  tbe  peifsct  j[uw.    TU*  nouU 
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from  internal  friction.  For  our  purpose,  it  will  be  unnecessaiy  to  find 
the  separate  values  of  x  and  y ;  but  if  we  have  occasion  to  use  the  former 
in  making  general  illustrations,  we  will  call  it  8,  as  others  have  done 
heretofore.  If  the  correct  value  of  x  exceeds  8,  it  will  follow  that  the 
velocity  of  the  molecules  exceeds  the  values  heretofore  computed.*  Ac- 
cording to  Thomson,  Stokes  showed  that  in  the  case  of  circularly  polar- 
ized ligiit  the  energy  was  half  potential  and  half  kinetic  ;f  in  which  case 
^  =  2,  and  therefore  a;  =  8.8. 

The  energy  in  a  cubic  foot  of  the  ether  at  the  earth  being  given  by 
(1)  and  (5),  we  have,  by  the  aid  of  (4), 

.    d  = iXllX^ ==_^__lb  (9) 

•  8  X  10^  X  6.6  X  (186800  X  62«0)«        85  X  10»*       '  ' 

which  is  the  mass  of  a  cubic  foot  of  the  ether  at  the  earth,  and  which 
would  weigh  at  the  place  where  ^  =  82.2  about 

W  =  rrrij  Of  a  pOUUd,  (10) 

compared  with  which  Thomson's  value  is  less  than  4000  times  this  value. 
Thomson  remarked  that  the  density  could  hardly  be  100,000  times  as 
small — a  limit  so  generous  as  to  include  far  within  it  the  value  given  in 
(9).  According  to  equation  (10),  a  quantity  of  the  ether  whose  volume 
equals  that  of  the  earth,  would  weigh  about  lAr  of  a  pound.  If  a  particle 
describes  the  circumference  of  a  circle  in  the  same  time  that  a  ray  passes 
over  a  wave-length  \  the  radius  of  the  circle  will  be,  using  equation  (4), 


tJ    f  ,    /^  tT  ^  1/11 

=  2-^  =  yv*^-2irK=«^' 


27r  V 

or  the  displacement  from  its  normal  position  will  be  about  f}  of  a  ways- 
length,  or  about  nrvou  of  an  inch  at  the  earth. 
Eliminating  F  between  (2)  and  (8)  gives 

e  = ? =  i-  (11) 

8  ^  X  10'       10« 

for  the  tension  of  the  ether  per  square  foot  at  the  earth,  and  is  equiva- 
lent to  about  1.1  of  a  pound  on  a  square  mile.  The  tension  of  the  atmos- 
phere at  sea-level  is  more  than  80,000,000,000  times  this  value.    It  some- 

*  Maxwell  fdves  for  the  mean  Bqaare  of  the  velocitiea,  or,  in  other  words,  the  velocity 
whoee  square  is  the  mean  of  the  squares  of  the  actual  velocities  of  the  molecules,  In  feet 
per  second  at  403  2?  F.  above  absolute  zero,  hydrogen  0882,  oxygen  1572,  carbonic  oxide 
1876,  carbonic  acid  157D.    PhU.  Mag.,  1873,  p.  68.    Our  equaUon  (4)  i^ivea  for  air  1586. 

t  PhU,  Mag.y  1856  [4]  IX.,  p.  97. 
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what  exceeds  the  tension  of  the  most  perfect  Tacuum  71 
artificial  means,  so  for  as  we  are  informed.  Crookca  prod 
of  .03  millionth  of  an  atmospliere  *  without  reaching  t 
capadtj  of  the  pumps  ;  aod  Professor  Rood  produced  on 
of  an  atmosphere  t  without  passing  tlie  limit  of  action  of 
The  latter  gives  a  pressure  per  square  foot  of 

"^WOCKIOO"  ~  TT^»"  °'  "  P*»"id.    This,  In  round  numlie 

the  value  given  in  equation  (11).  Even  at  this  great  rarit; 
phere.  the  quantity  of  matter  in  a  cubic  fool  of  the  air ' 
200  mill  Inn  mtlliou  times  the  qu&ntity  in  a  cubic  foot  of  t 
Is  tite  exceeding  levity  of  the  ether. 

Admitting  that  the  ether  is  subject  to  attraction  oo 
Kewtonian  law,  and  of  compression  according  to  the  la 
we  propose  to  find  the  relation  betvxtn  tht  dentity  of  the  etht 
itf  an  attracting  ^)here  and  t/uit  at  any  olherpoint  in  «; 
that  the  sphere  t)0  cold  and  the  only  attracting  body,  an 
sidered  the  only  one  involved. 

Let  im.  em,  Ut  be  respectively  the  density,  elasticity  an 
unit  of  the  medium,  whether  ether,  air,  or  any  other  gas, 
of  the  sphere  ;  if,  e.  tt,  the  corresponding  quantities  at  a  1 
the  surface  of  the  sphere  ;  r  Ihe  radius  of  the  sphere,  g,  tl 
due  to  gravity  at  its  surface,  and  g  that  at  di3taDC«  r  -\-t  i 
of  the  sphere.    Then 


•,._'•  <'■  +  '>'  , 


de  ~  ~-  v>  di  =  ~  g  i  di 


Integrating  between  «  and  e,,  t  and  o  we  have 

*  On  tht  FlnwUv  <^  Oaia  at  High  Exhauilkm.  b;  Wllllun 
BM.  TrtBu.  Bor.  Sac.,  Put  II.  (leei),  p.  400  :  "  Goinn  np  10  so  fitiw 
lonth  of  m  iinrnpheTe.  ibe  hlgbest  point  lo  which  I  have  carrin]  tl 
slthoagh  bj  nn  mtam  Qm  highal  eihaiutliin  of  which  tba  pamp  I*  c«] 

t  .Awm.  qfArU  and  Scima.  1881,  Vol.  XXII.,  p.  «0. 


APPENDIX 

I. 

e 

=  «.  e' 

0^0  to 

r« 

i 

=  d,e 

^ 

r  +  f. 

378 


(14) 

(15) 

Neglecting  the  attraction  of  the  earth  for  the  ether,  and  considering 
the  sun  as  the  only  attracthig  body,  we  have  g^  at  the  sun  28.6  X  82.2, 
and  at  the  earth,  e  =  210  r,  r  =  441,000  miles,  the  sun's  radius  ; 
6  =  fg  X  10-",  equation  (9),  and  «  =  ,V  X  10-« ;  and  these,  in  (14) 
and  (15),  give 

«li<«^4X  «X10^  X  «»  X  441000  X  M» 
«=:«,«  4xa5X  10»*  »1 


1000000  ,  .-^ 

r=  «a  e  nearly,  (lo) 

and 


.        .      1000000  ,  „^,. 

d  =  (f 0  e  nearly,  (16 ) 

for  the  tension  and  density  of  the  ether  at  the  surface  of  the  sun  under 
the  conditions  imposed.  But  the  millionth  root  of  e  is  practically  unity  ; 
hence  the  elasticity  and  density  at  the  sun  is  practically  the  same  as  at 
the  earth. 

Now,  starting  at  the  sun  with  this  result,  and  finding  the  density  at  a 
distance  t  from  it,  then  making  z  infinite,  we  shall  get  about  the  905,000 
root  of  e,  the  value  of  which  is  also  sensibly  equal  to  unity  ;  hence  the 
density  at  infinity  would  be  sensibly  the  same  as  at  the  surface  of  the 
sun,  the  difference  in  the  densities  at  the  sun  and  at  infinity  being  less 
than  Tvir^anD  part  of  that  at  the  sun.  In  order  to  make  the  density  vary 
sensibly  with  the  distance,  the  attraction  of  the  central  body  must  be 
something  like  a  million  times  as  great  as  that  of  the  sun,  or  have  a 
diameter  a  million  times  as  large ;  but  there  is  no  such  known  body, 
therefore  tJie  density  and  tension  of  the  ether  may  be  considered  uniform 
throughout  space.  Such  has  been  our  conception  of  it,  and  it  is  an  agree- 
able surprise  to  find  it  so  fully  confirmed  by  analysis. 

If  the  density  were  uniform,  the  weight  of  a  given  volume  of  it  would 
vary  as  the  force  of  gravity.  At  the  surface  of  the  sun  a  cubic  foot 
would  weigh  [equation  (10)  multiplied  by  28.6,  or]  67  X  lO"-** ;  hence, 
for  a  height  h  it  would  weigh 

57    /**?•«  _  57     jrh^  /x^) 

iO"/     (r  +  z)«  ^  ^  ""  iO"  '  r  +  /** 

18 
which  for  A  =  00  becomes  --^,^  of  a  pound,  which  is  the  pressure  upon  a 

square  foot  of  the  sun  of  a  column  of  infinite  height  under  the  conditions 
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Imposed.  Tbla  would  compress  the  fint  foot  of  the  coltinm  a) 
lOD^uaij  of  ita  length,  and  would  causes. corresponding  increaae  in 
densitf,  the  value  of  which,  After  this  compression,  will  be  found 
multipljing  the  value  given  in  equation  (9)  by  -H^i^,  which  will  b 
the  result  wosiblj  the  same  as  before.  Hence,  from  this  standpt 
wc  again  conclude  that  the  density  of  the  ether  may  be  coosidere 
sensibly  uniform  throughout  space,  providing  its  temperature  be  es 
tially  uniform. 

If  we  assume  tiiat  the  law  of  ilie  resistance  by  which  the  ether  opp 
the  motion  of  a  body  varies  aa  the  square  of  the  velocity  of  the  body, 
are  still  unable  to  assign  the  coefflcient  which  will  give  the  numei 
value  ;  but  it  is  safe  to  assume  that  the  entire  mass  of  the  ether  occi 
Ing  the  path  of  a  body  moving  through  it,  will  not  have  a  velocity 
parted  to  It  exceeding  that  of  the  body  ;  but,  to  be  on  the  safe  side, 
will  assume  that  it  imparts  a  velocity  equsi  to  itself.  The  energy  I 
imparted  will  be  lost  to  the  body.  To  simplify  the  case,  considi 
phinet  moving  In  a  circular  orbit :  r  the  radius  of  the  planet,  d  Its 
tance  from  the  sun,  J)  its  specific  gravity  compared  with  water  as  ui 
01  the  velocity  in  its  orbit ;  then  the  mass  of  ether  occupying  the  p 
of  the  planet  during  one  revolution  about  the  sun  will  be,  ui 
equation  (D), 

2  , 

which,  multiplied  by  i  v,',  will  give  the  energy  imparted  to  it,  ' 
kinetic  energy  of  a  planet,  neglecting  ita  rotation,  will  be 

1  T  r*  X  «8t  D  X  ^'^ 
Dividing  the  former,  after  multiplying  it  by  i  ti',  by  the  latter,  gives 

1__    _d_ 

7  X  10"  ■  r  i) 
for  the  fraction  of  the  energy  lost  during  one  revolution  About  the  i 
Applying  this  to  the  earth,  we  have 

d^rD  =  98000000^8013X54  =  49000, 
and  (16)  becomes 

for  the  fraction  of  the  energy  lost  in  one  year  ;  and  hence  at  thi*  -. 
would  require  more  than  1,666,000  trillion  (I,e60,000,000,OOO.OCip,000,l 
yean  to  bring  it  to  resL 

Equation  (16)  is  not  applicable  to  the  resistance  offered  to  a  comet, 
aooount  of  the  elongated  orbit  of  the  latter ,-  but  some  idea  of  tlie  e( 
of  the  resistance  of  the  ether  to  the  movement  of  a  comet  may  be  foi 
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;  what  h  would  be  If  the  orbit  were  circular,  hftviog  for  iti 
ritaelion  distttDcea  According  to  Professor  HorriBOD,  tbe 
:aDce  of  the  great  comet  (6).  1883.*  was  716200  miles,  ita 
ice  nill  be  6,000,000,000  mites,  the  diameter  of  lis  nuclcug 
disappeitriiig  on  tbe  «olar  disk  was  7000  miles,  the  velocilj 
195  miles  per  second,  and  at  aphelion  75  feet  per  second. 
Lown  in  regard  to  the  dendtj  of  comets  ;  but,  to  be  on  tb« 
i'ill  assume  it  as  yJot  'bat  of  water.  This  data  will  reduce 
I  —  '*  for  the  fraction  of  energy  lost  during  one  of  its  revolu- 
i  sun  ;  and  as  it  would  make  a  revolution  In,  say.  20  hours, 
rj  oneof  our  years  about  57  X  10  ~  "  of  its  energy, «(  wAieA 
fO  on  for  170  trillions  of  years.  BimDarly,  at  Ha  aphelion 
1  would  be  less  tlian  |  X  10  ~  "  of  Its  energy  In  more  than 
e  time  of  one  revolution  in  its  orbit. 

r«ful  observations  and  caleulalioDs  have  failed  to  detect 
to  Hie  rcaialance  of  matter  in  space  :  and  the  above  analysis 
thin  historic  times,  it  has  la  any  case  scarcely  amounted  lo 
1,  certainly  not  suflicient  to  be  measured.  And  when  we 
lur  assumptions  have  been  very  largely  on  the  unfavorable 
her,  that  the  energy  imparled  to  the  ether  may  partly,  at 
ed  to  the  body,  wc  assume  that  iU  resistance  never  can  be 
tplace,   when  he  found  that  the  force  of  gravitation,  If 

an  elastic  medium,  must  have  a  velocity  exceeding  100 
that  of  light,  concluded  tlist  astronomers  might  continue 

action  as  Instanloneoua  (Mleaniqitt  CeUale.  B.  X..  ch.  8, 
10  may  we,  with  nearly  as  mucli  confidence,  continue  to 
distance  of  the  elhur  as  nil. 

_    B.6  (186300  > 

""~aX83.3  X  1.4  X  772  " 
e  specific  heat  of  the  etber  may  be  found  if  its  temperature 

M.  Fourier,  the  first  lo  assign  a  value  to  tite  temptraturt 
led  it  to  be  Mjmewhat  inferior  to  the  temperature  at  the 
irth  or  about  50°  C.  to  60°  C.  below  zero.f  M.  Pouillet. 
LC  atmosphere  as  n  diathermanous  medium,  capable  of 
iScrent  degrees  the  radiant  heat  from  the  sun  and  the  dark 
Mirth,  deduced  for  the  heal  of  space— or,  aa  he  and  Fourier 
tcllor  heat— approximately.— 143°  C-I  (—  287°  F.).  which 

;\D/i™  af  W«  Hoyai  AitTommdcal  SocUls,  Vol.  XLIV-  2.  |>.  M- 

■  Cltmii.  TnmE  XVII .  p.  I5S. 

SmOut,  IMS.  Vol.  VII.,  p.  61.    PonHlM'i  fominla  Ii 


=  03  X   10"  <80) 


fCi" 


f^ 
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—  70^  C.  (-  94*  F.) ;  and  at  the  poles  -  221*  C.,»  or  IW  F.  above  abso- 
lute zero.  The  last  result  is  obtained  on  the  supposition  that  the  poles 
receive  heat'xlirectly  from  the  sun  a  part  of  the  year  ;  it  is  further  shown 
that  if  the  poles  were  never  exposed  to  the  rays  of  the  sun,  the  tempera- 
ture would  fall  to  that  of  the  ether  of  space.  But  the  data  are  not  uni- 
form, and  there  is  too  large  an  extension  of  empirical  formula  to  satisfy 
one  that  the  above  numerical  results  are  reliable  :  still  they  point  more 
and  more  strongly  to  a  temperature  not  many  degrees  above  absolute 
zero. 

3.  By  the  essential  heat  of  the  ether  we  mean  the  temperature  which 
would  be  indicated  by  a  thermometer  graduated  from  absolute  zero  in  a 
room  located  in  space  beyond  our  atmosphere,  whose  walls  were  Imper- 
vious to  the  passage  of  external  heat.  It  is  the  heat  due  to  the  self- 
agitated  ether,  Just  as  air  has  a  temperature  when  not  exposed  to  the 
rays  of  the  sun.  If  the  ether  be  perfectly  diathermanous  to  the  sun's 
rays,  it  will  receive  no  heat,  on  account  of  the  heat  of  the  sun  flowing 
through  it,  though  it  may  be  heat^  from  other  sources.  As  direct 
evidence  of  an  extremely  low  temperature  of  space,  we  cite  the  facts  in 
regard  to  the  meteorite  which  fell  at  Dharmsalla,  India,  July  14th,  1860.t 
"  The  most  remarkable  thing  about  it  was,  while  the  mass  had  been  in- 
flamed  and  melted  at  the  surface,  the  fragments  gathered  immediately 
after  the  fall  and  held  for  an  instant  were  9o  cold  that  the  fltiffers  were 
chilled.  This  extraordinary  assertion,  which  is  contained  in  the  report 
with  no  expression  of  doubt,  indicates  that  the  mass  of  the  meteorite  re- 
tained in  its  interior  the  intense  cold  of  the  interplanetary  space,  while 
the  surface  was  ignited  in  passing  through  the  terrestrial  atmosphere." 
Since  this  body  had  been  exposed  to  the  rays  of  the  sun,  its  temperature 
must  have  exceeded  that  of  the  space  through  which  it  passed,  as  well 
as  been  warmed  by  the  heat  developed  at  its  surface,  from  which  it  may 
be  inferred  that  it  had  been  intensely  cold.  Direct  investigations,  given 
above,  indicate  that  this  temperature  is  less  than  200*"  F.  above  absolute 
zero  ;  and  we  cannot  assert  that  it  is  not  less  than  100*  F.  above,  or  even 
much  less. 

But,  however  low  be  the  temperature  of  the  ether,  it  cannot  be  abso- 
lutely cold,  or,  in  other  words,  it  must  have  a  temperature  above  abso- 
lute zero,  for  otherwise  it  would  be  destitute  of  elasticity,  and  hence 
incapable  of  transmitting  a  wave.  This  is  shown  by  eliminating  F  be- 
tween equations  (2)  and  (6),  giving 

-  =  27^"'  '''' 


*  Prqffstionai  Ptgrn-s  qf  th4  aignai  Service  U.  8.  A.^  Washinffton,  D.  C,  18Bi,  Ha 

XII.,  p.  M. 
t  Oomptee  Bendut,  1861,  Tome  LIII.,  p.  1018. 
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in  equation  (22),  or  subject  this  medium  to  different  laws  than  those  of 
gases. 

We  may  deduce  this  result  by  another  process  ;  thus,  since  the  specific 
heats  of  different  gases  are  as  the  squares  of  the  wave- velocities  in  the 
respective  substances,  the  other  elements  being  the  same,  if  the  specific 
heat  of  air  be  0.28,  wc  should  have  for  the  specific  heat  of  the  ether 

/.  ««  / 186800  X  5280  \«       ,^       ,^„ 
0  =  0.23  (^ ^ j   =  46  X  10", 

as^ before.  The  correct  value  of  the  specific  heat  of  air,  0.2875,  would 
give  over  47  X  10",  and  nearly  48  X  10"  ;  but  these  differences  are  quite 
immaterial  in  this  connection,  the  object  being  to  check  the  former  result. 
On  the  other  hand,  in  order  tl^t  common  air  might  be  able  to  transmit 
a  wave  with  the  know^n  velocity  of  light,  its  specific  heat  being  taken  con- 
stantly at  0.23,  its  temperature  would  be,  according  to  equation  (20), 

^  =  -  n  J       =  -*  X  10»*  degrees  F.  (=  400,000,000,000,000'*  F.). 

If  the  sun  were  composed  of  a  substance  having  such  specific  heat,  it 
could  radiate  heat  at  its  present  rate  for  more  than  a  hundred  millions  of 
centuries  without  its  temperature  being  reduced  1"  F.,  exclusive  of  any 
supply  from  external  sources,  or  from  a  contraction  of  its  volume.  We 
know  only  such  substances  in  the  sun  as  we  are  able  to  experiment  with 
in  the  laboratory;  and  if  there  be  an  exceptional  substance  in  it,  we  have 
no  means  at  present  of  determining  its  physical  properties.  It  is,  more- 
over, a  question  w^hethcr  the  ether  constitutes  an  essential  part  of  bodies. 
We  conceive  of  it  only  as  the  great  agent  for  transmitting  light  and  heat 
throughout  the  universe. 

On  account  of  the  enormous  value  of  the  specific  heat.,  it  will  require 
an  inconceivably  large  amount  of  heat  (mechanically  measured)  to  in- 
crease the  temperature  of  one  pound  of  it  perceptibly.  Thus,  if  heat 
from  the  sun,  by  passing  through  a  pound  of  w*ater  at  the  earth,  would 
raise  the  temperature  lOO*'  F.  and  maintain  it  at,  say,  600^  F.,  absolute, 
it  would,  under  similar  conditions,  raise  the  temperature  of  one  pound  of 
the  ether,  if  its  power  of  absorption  be  the  same  as  that  of  water, 

AfloooioTTinyy  ^^  *  degree. 

The  distance  of  the  earth  from  the  sun  being  210  times  the  radius  of 
the  latter,  the  amount  of  heat  passing  a  square  foot  of  spherical  surface 
at  the  sun  will  be  about  45000  times  the  heat  received  on  a  square  foot  at 
the.  earth  normally  exposed  to  its  rays,  so  that,  under  the  conditions 
imposed,  the  temperature  would  not  be  a  billionth  of  a  degree  F.  higlier 
at  the  sun  than  at  the  earth.  This,  then,  is  a  condition  favorable  to  a 
sensibly  uniform  temperature,  even  if  heated  by  the  sun's  rays.  We  arc 
now  inclined  to  admit  that  tlic  ether  is  not  perfectly  diathermanous  to 
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the  8un*8  rays,  but  that  its  temperature,  however  small,  may  be  due 
directly  to  the  absorption  of  the  heat  of  central  suns ;  for  we  begin  to 
realize  the  fact  that  the  ether  may  possess  many  of  the  qualities  of  gases, 
such  as  a  molecular  constitution,  and  hence  also  mass,  elasticity,  specific 
heat,  compressibility,  and  expansibility,  although  the  magnitude  of  these 
properties  is  anomalous.  We  have  already  considered  its  compressibility 
at  the  surface  of  the  sun,  due  to  the  weight  of  an  infinite  column,  and 
found  it  to  be  exceedingly  small ;  now,  it  may  be  possible  that  the  expan- 
sion due  to  the  excess  of  temperature  of  a  small  fraction  of  one  degree  at 
the  surface  of  the  sun  over  that  at  remote  distances  will  dimlnisli  the 
density  as  much,  or  about  as  much,  as  pressure  increased  it,  thereby 
making  the  density  even  more  exactly  uniform  than  it  otherwise  would 
be.  According  to  what  we  know  of  refraction,  it  is  impossible  for  a  ray 
of  light  to  be  refracted  in  passing  through  the  ether  only — at  least,  not 
by  a  measurable  amoimt ;  for  not  only  are  the  density  and  elasticity 
practically  uniform,  but  their  ratio  is,  if  possible,  even  more  constant  as 
shown  by  equations  (16)  and  (16').  But  the  freedom  of  the  ether  mole- 
cules may  be  constrained,  or  their  velocity  impeded,  by  their  entangle- 
ment with  gross  matter,  such  as  the  gases  and  transparent  solids ;  in 
which  case  refraction  may  be  produced  in  a  ray  passing  obliquely  through 
strata  of  varying  densities.*  Neither  is  it  believed  that  the  ether  does, 
or  can,  reflect  light ;  for  if  it  did,  the  entire  sky  would  be  more  nearly 
luminous.    The  rays  in  free  space  move  in  right  lines. 

The  masses  of  the  molecules  in  dilTerent  gases  being  inversely  as  their 
specific  heats,  and  as  the  specific  heat  of  hydrogen  is  8.4,  and  the  com- 
puted mass  of  one  of  its  molecules  J  J  X  10~*'  f  of  a  pound,  we  have  for 


*  Profe80or  Michaelson  coDcludes  from  hb  experiments  that  the  luminiferoiui  ethax 
bu  no  perceptible  motion  in  reference  to  the  earth,  in  other  words,  it  In  at  the  sorfuce 
of  the  earth  carried  along  with  the  earth  the  same  ae  the  atmoaphere.  (Paper  read  at 
the  meeting  of  the  American  Association  for  the  Advancement  of  Science,  1887.) 

t  Stoney  condades  that ''  it  is  therefore  probable  that  there  are  not  fewer  than  some- 
thing like  a  nnit  eighteen  UO'";  of  molecules  in  a  cubic  millimeter  of  a  gas  at  ordinary 
temperature  and  pressure''  (Phil.  Mag.,  1868  [4]  XXXVI.,  p.  141).  According  to  the 
Kinetic  theory,  the  number  of  molecules  in  a  given  volume  under  the  same  pressure  and 
temperature  b  the  same  for  all  gases.  The  weight  of  a  cubic  foot  of  hydrogen  at  the 
temperature  of  melUng  ice  and  under  constant  pressure  being  0.000602  of  a  pound,  and 
as,  a  cubic  foot  equals  28,815,000  cubic  millimeters,  the  probable  mass  of  a  molecule  of 
hydrogen  will  be 

O.OOBSag 11       ., 

a8.sj  X  a«i;)uuu  x  lo"*     i8  x  lo^*    * 

4A  S 

Kaxwell  gives  --^.  of  a  gramme  = -  lb.,  which  is  about  a/5  the  value  given  abovs 

o        20**  7  X  10*"* 

OHW.  Mag,,  1878  [4],  XLVI.,  p.  468). 

The  diilerence  in  these  results  arises  chiefly  from  the  calculated  number  of  molecules 
In  a  cubic  foot  of  gas  under  ordinary  conditions.    Thomson  gives  as  the  approximate 
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BO  that  at  the  height  of  127  miles  the  tension  would  be  less  than  that  of 
the  ether,  the  temperature  being  uniform. 

The  mean  free  path,  according  to  the  above  law,  in  which  gravity 
varies  as  the  inverse  squares  is  less,  and  for  great  heights  much  less,  than 
would  be  found  according  to  the  ordinary  exponential  law.  Thus 
Crookes  states  that  the  mean  free  path  of  a  molecule  at  the  height  of  200 
miles  is  about  10000000  miles ;  *  but  according  to  the  above  law  it 
becomes  about  792000  miles. 

If  a  cubic  inch  of  air  at  sea-level  were  carried  to  the  height  of  |  the 
radius  of  the  earth,  and  then  allowed  to  expand  freely,  so  as  to  become 
of  the  computed  density  of  the  atmosphere  at  that  point,  it  would  fill  a 
space  of  4  X  10'**-  cubic  miles,  or  a  sphere  whose  radius  is  2,898,000,000 
miles,  which  is  nearly  equal  to  the  distance  of  the  planet  Neptune  from 
the  sun  ;  and  there  would  be  less  than  one  molecule  to  the  mile.  Such 
are  some  of  the  results  of  extending  a  law  to  extreme  coses  regardless  of 
physical  limitations  or  of  the  imperfection  of  the  data  on  which  it  is 
founded.  For  instance,  a  uniform  temperature  is  assumed,  and,  im- 
pliedly, an  unlimited  divisibility  of  the  molecules.  The  latter  is  neces- 
sary in  order  to  maintain  a  law  of  continuity.  But  modern  investiga- 
tions show  that  not  only  air,  but  all  the  gases,  are  composed  of  molecules 
of  definite  magnitudes  whose  dimensions  con  be  approximately  deter- 
mined ;  and  hence  if  there  be  only  a  few  molecules  in  a'  cubic  foot,  and 
much  less  if  there  be  but  one  molecule  in  a  cubic  mile,  it  cannot  be 
claimed  that  the  gas  will  be  governed  by  the  same  laws  as  at  the  surface 
of  the  earth. 

We  conclude,  then,  that  a  medium  whose  density  is  such  that  a  volume 
of  it  equal  to  about  twenty  volumes  of  the  earth  would  weigh  one  pound, 
and  whose  tension  is  such  that  the  pressure  on  a  square  mile  would  bo 
about  one  pound,  and  whose  specific  heat  is  such  that  it  would  requlro 
as  much  heat  to  raise  the  temperature  of  one  pound  of  it  1*"  F.  as  it 
would  to  raise  about  2,300,000,000  tons  of  water  the  some  amount,  will 
satisfy  the  requirements  of  nature  in  being  able  to  transmit  a  wave  of 
light  or  heat  186300  miles  per  second,  and  transmit  188  foot-pounds  of 
heat-energy  from  the  sun  to  the  earth,  each  second  per  square  foot  of 
surface  normally  exposed,  and  also  be  everywhere  practically  non-resist- 
ing and  sensibly  uniform  in  temperature,  density  and  elasticity.  This 
medium  we  call  the  Luminiferous  Ether. 

ADDENDA. 

Qranting  that  tlie  temperature  of  the  ether,  however  low,  is  produced 
by  the  heat  from  central  suns  passing  through  it,  we  may  determine  the 
effect  upon  it  of  a  cliange  of  temperature  of  the  source  of  heat. 


•  PhU.  Trant.  Roy.  Soc.,  London,  1881,  Part  II.,  p.  880. 
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R  source,  nod  experience  shows  thnl  the  temperature  of  the  source  must 
at  least  equal  that  of  the  workiDg  subeiaace,  and  in  reality  be  inflnitesi- 
nially  liigher.  since  heat  from  a  culder  body  will  not  make  a  hot  body- 
hotter.  But  the  queellun  ia  not  what  might  have  been  the  second  law. 
but— what  ts  it !    We  quote  from  Ranklnc  ; 

"  The  internal  work  is  Incapable  of  direct  measurement.  Hure  it  U 
tlint  the  second  law  becomes  useful  ;  for  it  Informs  us  how  to  deduce  the 
whole  amount  of  wnrk  done  — internal  and  external — from  the  knowl- 
edge which  wc  have  of  the  cxlernal  work.  Thai  law  is  capnble  of  being 
slated  in  a  variety  of  forms,  expressed  in  different  ways,  although  virtu- 
ally equivalent  to  each  other.  The  most  convenient  form  for  the  present 
purpose  appears  to  be  the  followiug  ; 

To  find  Ike  uhiie  vtork,  i/iteriuil  /ind  exlerrud,  multiply  the  abtiAale  teia- 
peralure  at  ahich  the  eliaage  of  diineasioiu  taket  place  bg  the  rfiU  per  de- 
gree at  uliieh  Vie  erteraid  work  it  varied  by  a  iiaall  viriatioa  of  lempern- 
ture."  (Itinkino's  Mite^nneom  Seienlifie  Paperi,  p.  434  ;  The  Enginetr, 
June  28,  1867.) 

This  is  Rubstanlinlly  the  statement  of  the  second  law  in  Smt  ed.,  p. 
83,  since  the  italicized  extract  Just  given  is  an  expression  for  the  heat 
absorbed  during  an  isotheriiiHl  expansion.  Thu  furm  \a  the  text  was  not 
given  because  it  was  considered  tlic  ideally  best  statement  of  this  law, 
but  because  it  had  proved  to  be  the  most  useful  form  for  class-room  in- 
struction which  the  autlior  had  tried,  and  had  the  above  sanction  of  Ran* 

Rankino  gives  subslantlnlly  the  same  statement  in  different  places. 
(Papera,  pp.  300,  418,  427  ;  Sleam-Eiigiiit,  p.  308,  Art.  244  ;  p.  300,  Art 
245.) 

That  Rankinc  recognized  Cnrnot's  principle  of  the  elementary  roverrf- 
ble  engine  iis  the  second  taw  is  shown  irom  the  following  extract : 

'■  The  lam  of  ejgieienf'j  of  apeifeet  Jieat  engine  mny  be  tinted  l/ivi ;  ^  ths 
tubilanee  {for  ejiiinple,  air  or  v>atei)  which  dues  Uiemork  in  a  perfect  heat 
engine  receieet  all  tlic  heat  erpeiuled  at  one  fired  temperature,  and  ffitet  oat 
aU  t/ie  heal  lehieh  remaint  uiiconterted  inli)  vork  at  a  hncer  fatd  tempeni. 
tare,  [he  fraction  of  the  whole  heat  erjxndcd  which  is  converted  into  exter- 
nal itork  it  t-eprceiicd  by  dividing  the  difference  between  thifte  temperatures 
by  the  higher  of  them,  reckoned  from  the  abaolute  tero.  Now,  thie  it.  in 
fact,  the  second  l/iic  of  thermiidynamicaexpretted  in  other  words."  {MiseeUa- 
neo-a  Se.  Papers,  p.  436  ;  The  Engineer.  June,  1807.)  Such  bdng  Ran- 
kinc's  explicit  statement,  we  may  expect  to  tind  this  principle  implied, 
if  not  expressed,  in  all  his  other  statements. 

One  of  the  most  condensed  and  obscuve  statements  of  thfs  law  by  Ihb 
author  is  In  his  work  on  the  Steam-Engine,  p.  300,  which  U, 
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thermody  mini  i  cs  — Claualua.  Rankinc.  Tliomai 
ih/i  pritieiple  of  Carnot't  ideal  eUmiaUtry  rever. 

Unless  tbe  axioms  of  these  writers,  which  a 
BecoDd  law,  be  considered  aa  includiDg  Uie  i 
to  be  improper  to  consider  Ihem  as  the  aecoDi 
tbem  as  axioms,  and  not  as  the  second  taw. 

Tbe  two  laws  of  thermodjnatnlca  are  the  i 
by  sclenilflc  Invesltgation.  RankiDesiys:  " 
Ics,  as  here  staled,  are  simply  the  condense 
experiment."  (Mite.  fife.  Papert,  p.  437 ;  Pha. 

The  Btitement  of  tbe  second  law  referred  t< 
the  expression  r  z^  d  v  written  out  In  word 

to  one  of  the  preceding  quotations,  and  alsi 
tbe  text. 

Another  statement : 

Tlie  Brst  taw  asserts  a  fixed,  unvaryiug  re 
and  the  meclianieal  energy  inlfl  which  it  is  ti 
ing  engine  all  tbe  heat  absorbed  cannot  Ite  tn 
second  taw  asserts  that  a  certain  fractional 
may  tie  transmuted  into  mechaoical  energy  v 
ed  in  Camot's  cycle. 


39.  Nuroerous  equatii 
-  of  experiments  upon  gns 
U  the  moBt  ({eneral,  and 
in  engiuncring  pnictiM 
lions  Ibat  will  npn^enl 
by  uuy  person,  for  llie 
Hud  a  formula  Uiat  will 
others.  If  the  experimi 
fonnuU,  wbcn  plotted, 
perlmcnts,  and  give  ap 
The  foimulo:  pertaining 
folloiviog  are  equations 

Ranldne— also  Tliorns 


(ffli7.  Trant.,  1854,  p. 
Ilira  gave 


Backnel,  in  1871  and 


where  a  : 
J.  D.  Van  der  Waals ) 


in  which  if  ihe  unit  of 

volume  tlint  which  a  kll< 
of  one  atmosphere  at  th 


Ovfr  de  Continuileit  1 
p.  76,  Op.  cit..  p.  76, 
Clttusius,  in  J880,  gav. 
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B  =  19.278, 
6  =  5588, 
a  =  0.000426, 
p  =  0.000494. 

This  formula  gave   results  agreeing   remarkably  well  willi  those   of 
observation.    (Phil.  Mag.,  1880.  (1),  401.) 

23,  24,  25.  Thermal  lines.  The  more  common 
thermal  lines  are  defined  in  the  body  of  the  book ;  but  the 
following  are  sometimes  used  ; 

IsopiestiCj  or  Imhar  lines  are  lines  of  eqnal  pressure,  and, 
therefore,  on  the  plane  p  v,  are  parallel  to  the  axis  of  v. 

Isometric  lines  are  lines  of  equal  volume,  and  their  pro- 
jections on  the  plane  ^  v  are  parallel  to  the  axis  oip. 

Isengerio^  or  Isodynamic  lines  are  lines  of  equal  energy. 
In  this  case  the  internal  energy  remains  constant,  and  all 
the  heat  absorbed  during  the  change  of  state  is  transmuted 
into  external  work.  See  top  of  page  129.  If  the  gas  be 
perfect,  the  iaenget^ic  coincides  with  an  isothermal, 

Isentropic  lines  are  lines  of  equal  entropy,  and  hence 
coincide  with  adiahatics. 

40.  Page  38.  In  order  that  the  algebraic  expressions 
may  be  serviceable  in  numerical  problems,  the  volume  0  v^, 
Fig,  18,  must  represent  a  definite  mass  of  the  working  sub- 
stance ;  and  we  assume  a  unit-m^ass ;  and  in  English  meas- 
ures let  it  be  one  pound,  Clausius,  Zeuner,  and  others,  in 
some  cases,  include  the  internal  work  in  the  expression — 
internal  energy  /  but  we  prefer  to  apply  the  term  work  to 
all  that  part  of  the  heat  absorbed  which  is  destroyed— put 
out  of  existence  for  the  time  being — transmuted  into  an- 
other form  of  energy ;  and  if  any  part  remains,  call  it  a 
cha/nge  of  inteimal  energy. 

The  second  law  is  sometimes  called,  briefly,  the  revers- 
ible engine  ;  or,  more  fully,  an  expression  of  the  facts  in- 
vohed  in  the  simple  reversible  engine.     Isothermal  expan- 
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fiion  and  compression  are  the  first  fundamental  principles  of 
this  law ;  the  second  being  the  axiom  of  Thomson  that — ^no 
engine  can  be  worked  with  mechanical  profit  at  a  lower 
temperature  than  tliat  of  the  coldest  of  surrounding  objects ; 
and  since  absolute  cold  cannot  be  produced  in  surrounding 
objects,  it  follows  that  only  a  fractional  part  of  the  heat 
absorbed  can  be  transmuted  into  external  work. 

It  is  worthy  of  remark  tliat  during  isothermal  expansion 
the  heat  of  the  working  fiuid  does  no  work ;  it  is  merely  an 
agent  for  transmuting  actual  heat  enei^y  into  work.  If  the 
working  fluid  be  a  perfect  gas,  it  will  transfer  the  heat 
directly  from  the  source  to  the  piston  of  the  engine.  If 
the  working  fluid  be  an  imperfect  gas,  a  part  of  the  heat 
from  the  source  will  be  transferred  from  the  source  to  the 
piston  of  the  engine  and  transmuted  into  external  work, 
and  the  remaining  part  will  be  transmuted  into  internal 
work,  being  the  work  necessary  to  overcome  the  resistance 
of  the  particles  in  being  separated  during  expansion.  The 
actual,  or  kinetic,  energy  of  the  working  fluid  remains  con- 
stant during  isothermal  expansion. 

Page  34.  Sir  William  Thomson  has  proposed  two  scales 
of  absolute  temperatures.  In  the  firBt  scale  it  was  pro- 
posed to  consider  the  difference  of  the  tertiperatures  of  the 
source  and  refrigerator  as  constant  when  the  work  done  hy 
a  perfect  engine  on  abstracting  a  unit  of  heat  from  the 
source  is  coiistant,  whatever  he  the  temperature  of  the  heat 
absorbed. 

To  get  an  idea  of  this  principle,  observe  that  in  Fig.  a, 
the  successive  divisions  represent  equal  works  done  in  suc- 
cessive elementary  engines ;  but  the  heat  absorbed,  (p^AB  <p^y 
in  doing  the  work  A  B  c  dj  is  more  than  ^^dc  (p^  in  doing 
the  equal  work  d  c  ij.  But  the  preceding  principle  re- 
quires that  the  heat  absorbed  along  y  z  must  equal  that 
along  A  Bj  while  the  elementary  works  done  in  the  cycles 
must  be  the  same ;  therefore,  to  represent  this  case  y  z  must 
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increase  arithmetically,  the  ratio  of  heats  of  the  source 
and    refrigerator    will    increase    geometrically. 

The  efficiency  would  be 

and  the  work  done 

or,  the  work  will  be  the  same  for  each  degree  on  the  scale 
for  the  same  amount  of  heat  absorbed,  regardless  of  its  tem- 
perature. 

Let  this  scale  have  180  divisions  between  the  melting 
point  of  ice  and  the  boiling  point  of  water  ;  then,  since  the 
efficiency  of  the  perfect  elementary  engine  worked  between 
these  temperatures  is 

II.-H,_  180 180  ^ 

H,       ""  460.66  +  212  ""  672.66  ""  "^'^^^^  "^ ' 

_  -i«>'^  __  180 
• '     ^    ""  672.66  5 
.-.//  =  0.00173. 

According  to  the  absolute  scale  in  ordinary  use, 

n  —  U       r  —  r  T T 

i/,       ""       T,      ""7;  + 460.66' 

the  last  fraction  being  applicable  to  the  Fahrenheit  scale. 
Let  this  scale  and  the  former  absolute  scale  above  considered 
both  be  numbered  212  at  the  boiling  point  of  water,  then 

r.  =  212  = «., 

and  dropping  the  subscript  2  we  have  for  the  relation 
between  t  and  T^ 

212  -  T  _  ^  _       1 


672.66  e^^2i2-o' 

from  which  we  find 
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Page  38.  In  the  third  line  from  the  top  it  will  be  ob- 
served that  the  argument  depends  upon  an  inference, 
"It  is  inferred^'^  &c.  No  absolute  proof  of  equation  (21) 
lias  been  made.  Bankine  deduced  it  in  a  short  way,  found- 
ing it  upon  the  hypothesis  that — in  a  given  mass  of  a 
substance  the  quantities  of  sensible  heatr  are  proportional  to 
their  absolute  temperatures,  {Misc.  Sc,  Papers^  pp.  50, 
56,  376,  377,  409;  Phil.  Trans.,  1854.)  Thomson  and 
Joule  established  it  by  a  long  and  very  delicate  series  of 

experiments,  determining  that  /i  =  -,  establishing  this  value 

within  T^(^  of  its  actual  value.  Clausius,  in  his  later  work, 
established  it  by  a  process  of  analysis,  but  it  is  somewhat 
obscured  by  the  more  general  equations  in  which  it  is  in- 
volved. Yet  there  is  no  question  as  to  the  correctness  of 
this  equation ;  for  not  only  do  Thomson  and  Joule's  experi- 
ments prove  it  to  be  as  nearly  mathematically  exact  as  it  is 
possible  by  means  of  physical  experiments,  but  it  produces 
substantially  correct  results  when  applied  to  various  prob- 
lems in  this  science  ;  and  this  is  the  best  test  of  a  physical 
law.  The  Newtonian  law  of  universal  gravitation  is  accepted 
ajB  mathematically  exact  for  all  problems  to  which  it  is 
applied  involving  finite  distances,  although  the  law  does  not 
admit  of  an  absolute  proof. 

The  hypothesis  of  Kankine,  referred  to  above,  was  criti- 
cised by  Clausius,  and  Eankine  modified  it  thus :  "  A 
change  of  real  specific  heat,  sometimes  considerable,  often 
accompanies  the  change  between  any  two  of  those  condi- 
tions "  of  solid,  liquid,  or  gaseous.  This  definition  was  not 
accepted  by  Clausius  as  correct.  (Clausius  On  Heat^  1879, 
pp.  345-348 ;  Rankine's  Prime  Movers,  p.  307 ;  Phil, 
Mag.,  Ser.  4,  Vol.  VII.,  p.  10 ;  Pogg.  Ann.,  Vol.  CXX,, 
p.  426  ;  Phil.  Mag.,  Ser.  4,  Vol.  XXX.,  p.  410.)  If  this 
principle  be  not  rigorously  and  universally  exact,  it  is,  so 
far  as  known,  correct  within  the  limits  of  error  of  observar 


tioa  for  imperfect  gases ; 
wtiicli  tliis  science  is  very 

43.  Page  43.  During 
temperature,  r,  a  certain  i 
done,  asv,  de  v„  Fig.  a,  i 
work  which  we  assume  ic 
amonnt  of  expansion  he  pe 
the  external  work  v,  A  £ 
amount  of  internal  work, 
known.  One  of  the  brilli 
ment  of  equation  (21)  wa 
ence  between  the  external 
expansions  in  which  the  te 
infinites! mally,  being  r  in  < 
equalled  the  work  done  t 
same  isothermal  expansioi 
lieing  that  of  the  higher  I 
frigerator  that  of  the  lowi 
crement  of  external  work 
the  temperature  of  the  so 
ment  of  the  heat  absorbed, 
heat  tp^h  c<p,  equals  the  ii 
work  v,  A  S  V,.  This  is 
difference  of  tlie  internal 
anee  of  the  external  worl 
or,  at  most,  a  difference  oi 
the  difference  of  external  i 

As  a  verification  of  this 

the  equation  of  the  gas  be 
area  of  one  of  any  one  of 

as  already  given  in  Exereii 
for  isothermal  expansion  w 
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as  in  Exercise  4,  page  45.     The  differential  of  the  latter  in 
regard  to  r  gives 

which  is  the  same  as  found  above  for  d  c  ij, 

43.  In  the  Exercises  on  page  44,  it  mnst  be  under- 
stood that  they  refer  to  a  unit-Tnass,  and  when  numbers 
are  given,  they  refer  to  one  pound  of  the  gas. 

48.  By  consulting  the  records  of  Regnault's  experiments, 
one  becomes  impressed  with  the  large  amount  of  work  dono 
by  him  and  the  extreme  accuracy  with  which  his  experi 
ments  were  made. 

51.  By  a  purely  analytical  relation  between  the  physical 
properties  of  a  perfect  gas,  it  has  been  sliown  that 

y  =  ii  =  1.405285. 

'^  TV 

{Phil.  Mag.,  1885,  (1),  520.) 

58.  Page  63.  Air  has  been  compressed  to  500  ppunds  per 
square  inch  for  use  in  the  Vincennes- Villa  tramway.  {La 
Nature  Sc.  Am.  Sup.,  1888,  Mar.  17,  p.  10167.)  Air  has 
been  compressed  to  1000  pounds  per  square  inch  for  use  in 
dynamite  guns, 

58.  Exercise  15,  page  71. 
Equations  (B)  give 

Let 

«  =  «,   p-y,   P=;,  Q^aniy--  1) «»-«  =  5«n..i 
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and  the  equation  becomes 

where  Pand  Qare  functions  of  z.    This  is  a  differential  equation  of 
the  first  order  and  first  degree. 

To  find  the  integral,  first  let  Q  =  0,  then 

—  rPdx 

where  (7,  is  a  function  of  x  instead  of  a  canstarU  of  integration.     Differ- 
entiating, 

^/Pdx  -/pax  -fpdx 

das  '  *  dx  '^  '  dx 

—fPdx  fPdx 

.'.Qdx=:e  .dG,;   .'.  C,=  /Qe  dx; 

-fPdx         fPdx 
,\y  =  e  /Qe  dx; 

an(y  —  1)     n  —  l—y 
••■P  =  n-l  +  y''  +^« 

Exercise  16  may  also  be  reduced  to  the  linear  form,  giving 

1 

Exercise  17  gives  the  differential  equation 

dp  __  na(y  —  1)  c*-'  —  yp 
dv  ~  »6(1  —  y)p^-^  —  « 

71,  Page  89.  The  melting  point — or  freezing  point — of 
liquid  carbon  disulphide     —  116°  C. 

*'      absolute  alcohol         —  130.5*'  C. 
Alcohol  becomes  viscid  at  —  129°  C. 

{Phil  Mag.,  1884,  (1),  490.) 

755.  Page  90.  By  experiment  it  has  been  found  that  the 
melting  point  of  ice  is  raised  0.0066°  C.  by  a  reduction  of 
pressure  from  760  mm.  to  5  mm.  {Phil,  Mag,,  1887,  (2), 
295.) 
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74.  Of  liquids  and  saturated  vapor.  Eegnanlt 
found  the  latent  heat  of  evaporation  by  determining  the 
total  heat  and  the  fieat  of  the  lifiuids  independently,  and 
taking  their  difference. 

Total  heat  of  liquids^  being  the  number  of  ther- 
mal units  necessary  to  raise  the  temperature  of  a  unit-mass 
from  that  of  melting  ice  to  t  degrees  centigrade,  as  deter- 
mined by  Regnault,  at  atmospheric  pressure. 

Subfltance.  Nnmber  of  Therma)  Units. 

Water q  =  <  -|-  0. 00002  <»  +  0.0000008  <•. 

Alcohol q  =  0.54754 1  +0.001122  ^  -I-  0.000002  <». 

Ether q  =  0.52901  i  +0.0002»59f*. 

Chloroform q  =  0.28235  i  -h 0.0000507  <•.  \ (1) 

Chloride  of  carbon  .  .q  .^  0.19788 «    +0.0000906  ^. 

Acetic  acid '. . .  q  =  0.506408 1  +  0.000397  <«. 

Bisulphide  of  carbon  q  =  0.23528  <  -j- 0.000082  <». 

The  general  law  of  these  equations  may  be  represented  by  the  empir-> 

ical  equation 

q  =  ai  <  +  6,  <•  +  c,  ««.  (2) 

To  reduce  these  to  English  units,  we  observe  that  y,  the 
number  of  thermal  units,  is  independent  of  the  unit  of 
mass,  or  weight,  since  the  ratio  between  the  quantities  of 
heat,  in  this  case,  and  the  respective  quantities  of  liquid  ex- 
perimented upon  will  be  constant,  but  will  be  dependent 
upon  the  thermometric  scale. 

Since  the  degree  in  the  British  thermal  unit  is  \  that  in 
the  French,  the  nuinber  of  British  thermal  units  will  be 
\  times  the  number  of  French  units  for  the  same  temper- 
ature ;   and  if  T  be  the   temperature  on  the  Fahrenheit 

scale  we  have 

<  =  i(r-32); 

hence,  for  water  we  would  liave,  q  denoting  the  number  of 
B.  T.  U., 

q-iq  =  Ui  (r -82)  +0.00002  [8  (T-  82)]* +0.0000008  [4  (7-  82)]«]; 

and  similarly  for  the  other  liquids.     Substituting  and  re- 
ducing, we  have 
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SatMtanee.  No.  of  B.  T.  U.  at  temp.  T. 

Water,  q  = 
-  81.991650  +  0.99957333  T-{-  0.000002222  T*  +  0.0000000926  TK 
Alcohol,  q  = 

-  16.903214  +  0.509543  T     +  0.00056407  r» 

+  0.000000617284  'P. 
Ether,  q  = 

-  16.759986  +  0.518489  T    +  0.00016439  T*. 
Chloroform,  y  =  J.  (3) 

-  7.406358  +  0.230547  2      +  0.00002817  T*. 
Chloride  of  carbon,  q  == 

-  6.280619  +  0.194659  T     +  0.00005038  T». 
Acetic  acid,  q  = 

-  15.979005  +  0  492287  T     +  0.00022055  T\ 
Bisulphide  of  carbon,  q  = 

-  7.480711  +  0.282814  r     +  0.00004555  T». 
The  general  law  will  be 

q  =  a^  +  \T+etT*  +  dtT'.  (4) 

The  figures  in  equations  (3)  were  obtained  by  carrying 
out  the  decimals  to  many  more  places,  and  then  retaining 
the  above  to  the  nearest  unit  for  the  right-hand  figure. 

The  specific  heat  at  any  temperature  will  be  the 
differential  coefficients  of  the  preceding  expressions,  which, 
for  water,  will  be 

^  =  1  +  0.00004  t  +  0.0000009  f,  (5) 

per  degree  centigrade,  and 

~-|,=  0.999573  +  0.000004444  T+  0.0U000027768  T*,  (6) 

per  degree  Fahrenheit. 

These  results  for  water  are  not  exactly  the  dame  as  Ran- 
kine's  or  Bosscha's,  given  in  Article  95,  but  any  one  of  them 
is  sufliciently  exact  for  ordinary  practice. 

74,  85.  Total  heat  of  vapor.  This  expression  in- 
cludes the  heat  imparted  to  the  liquid  in  raising  its  tem- 
perature from  that  of  the  melting  point  of  ice  to  that  at 
which  the  vapor  is  generated  added  to  the  heat  necessary  to 
evaporate  the  liquid  at  the  higher  temperature.     The  latent 
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heat  of  evaporation  includes  both  internal  and  external 
work ;  the  external  being  the  work  of  enlarging  the  volnme 
at  the  pressure  corresponding  to  the  higher  temperature,  and 
may  be  represented  hy  the  work  done  by  a  pound  of  satu- 
rated eteam  in  pusliing  a  piston  against  a  constant  resistance 
up  to  the  point  of  cut-off  in  an  engine,  and  the  internal, 
that  of  overcoming  the  mutual  attractions  between  the 
molecules.  Let  A  be  the  number  of  heat  units  necessary  to 
raise  one  kilogram  of  a  liquid  from  0°  C.  to  a  temperature  t, 
and  vaporize  it  at  that  temperature ;  then  Regnanlt's  ex- 
periments may  be  represented  by  the  following  empirical 
formulae : 

Hnhaunrfl  Number  of  hmt  ablM  In  tb«  "  loul  beat 

Wster h  =  606.50  -|-  0,305  (. 

Elher h=    M.00  + 0.45000  (- 0.00055566  (". 

Acetic  acid h  =  140.50  +  0,86644  (  -  0.000518  f.       . 

Chloroform L=    67.00 -(- 0. 1875  (.  f"    ''^ 

Chloride  of  carbon  . .  b  =    63.00  +  0.14635  (  -  0.000172  C. 
Bisulphide  of  carboD.  h  =    00.00  -|-  0,I4S0]  t  -  0.0004138  C. 
For  English  units,  if  h  be  the  number  of  heat  units  in 
one  pound  of  the  substance  ou  the  Falir.  scale,  then  for 
water  we  would  have 

A  -  #  h  =  f  [606.5  +  0.305  X  4  (7"  -  32)] 
=  1091.7     -j-  0.305  {T  -  32) 
=  1081.94  +  C-305  T; 
.■  .71=  8418:^9    +  237.29  T, 
which  differs  slightly  from  Ec[.  (95),  page  111,  because  some 
fractions  were  omitted  in  determining  the  latter.     In  this 
manner  we  tind  the  following  results : 

■j.,h.,.„^  Number  of  B.  T.  U.  In  IlK  '■  lotll  best  of  npor  " 

SutMUDce.  ^j  ,  ,1,^  pj^p  ,j^g_  abqveO"  F. 

Water A  =:  1081.94 -f  0.305  T.  1 

Ether h=  154- 4S394ai  +  0  46974821  T- 0.000808638  T". 

Acetic  acid. .  A  =  240.880868   -)- 0.3817886  7"- 0.000386666  T'.    I,,, 
Chloroform..  A  =  116.3  -|-  0.1875  T.  \ 

Ch.  of  cirboa  A  -  88.83315  -|-  0, 153365S  T  -  0.00009555  T*. 
B,  of  carbOQ.  A  =  157.083137 -t-0.16088955  T-  0. 0003280557'.        J 
General  equal ioa 

b  =  a,  +  b,  T-c,  T*.  (8) 
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74.  Latent  heat  of  evaporation.  Subtracting  the  "  heat 
of  the  liquid  "  from  the  ''  total  heat  of  the  vapor  "  gives 
the  latent  heat  of  evaporation ;  hence 

Ae  =  A  —  y ; 

and  making  the   Buhstitutions  from   above,  we  have  the 
following  results : 

Latent  heat  of  evaporation,  being  the  No.  of  French 
Sabatance.  heat  units  in  one  kilo,  of  the  vapor 

at  the  boiling  point. 

Water 1j^  =  606.5-0.695  t     -  0.00002 1«- 0.0000008 <». 

Ether h.  =   d4.0  -  0.07901  t  -  0.0008514^. 

Acetic  acid h.  =  140.0  -  0.18999  t  -  0.0009125  fi. 

Chloroform h.  =   67.0  -  0.09485  t  -  0.000a507  ^.  ^  ^^^ 

Chlo.  of  carbon. .  h.  =   52.0  -  0.05173  t  -  0.0002526  ^. 

Bisulp.  of  carbon  h,  =    90.0  -  0.08922  t  -  0.0004938  f. 

In  English  units  these  become : 

Latent  heat  of  evaporation,  being  the  heat  necessary 
Sabstance.  to  vvaporate  one  pound  of  the  substance  at  the 

boiling  point,  in  B.  T.  U. 

Water A,  =  1121.7  -  0.6946  T  -  0.000002222  r*  - 

0.0000000926  T\ 

Ether A,  =  171.24  -  0.0487  T  -  0.000478  T". 

Acetic  acid /*•  =  256.86  -  0.1075  T  -  0.000507  r«. 

Chloroform /t,  =  123.60  -  0.0930  T  -  0.000282  T\  ^  ^^^^ 

Chlo.  carbon A.  =  95.103  -  0.0423  T  -  0.0001403  T\ 

Bisulph.  carbon.  .A.  =  164.57  -  0.0716  T  -  0.0002746  T\ 
Alcohol A.  =  527.04  -  0.92211  T  -  0.000679  1 K 

General  equation : 

A^  =   ^4    -   ^4   r-  C4  r«  -   d4   r».  (11) 

These  for  English  units  and  absolute  temperature  on  the 
Fahrenheit  scale  become : 

a  v^i....^  Latent  heat  of  evaporation  in  B.  T.  U.,  absolute 

SnlMtance.  temperature,  r. 

Water A.  =  1442.474  -  0.751472  r  +  0.0012538  r»  - 

0.0000000926  r». 

Ether A.  =    93.3214  +  0.3870  r  -  0.000473  r«. 

Acetic  acid A,  =  197.925  +  0.3595  r  -  0.0005070  r».  }(12) 

Chloroform A,  =  160.4924  -  0.0671  r  -  0.0000282  r». 

Chlo.  of  carbon. .  K  =    85.0245  +  0  0865  r  -  0.0001403  r«. 

Bisulp.  carbon.. .  K  =  140.1806  +  0.1810  r  -  0.0002743  r*. 

General  equation  : 

fe,  =  ^5  +  ft.  r  +  c»  r«  +  d.  r».  (13) 


milm 
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3Ct  of  retaining  the  smaller  decimals  will  be  ap- 
comparing  the  above  resnlte  for  water  with  the 
ling  ones  on  page  95.  Those  on  the  latter  page 
ered  safficiently  accurate  for  practice.  Kone  of 
be  relied  upon  for  temperatures  much  ontside  of 
the  experiments  upon  which  they  are  founded, 
qnatioas  are  not  very  different  within  the  range 
atures  ordinarily  used  irt  practice. 
'.  the  heat  which  does  the  diagregation  laorh,  we 
the  external  work  done  daring  evaporation.  This 
me  as  follows :  The  pressure  for  the  absolute  tem- 
f  the  vapor  is,  equation  (80),  page  97, 

logp  =  A  —  -  —  p-- 

'e  computed  the  following  constants  by  means  of 

1  experiments.  They  are  for  degrees  Fahrenheit 
is  per  square  foot : 

A.  iegB.                            log  C. 

8.28203  8.441474  5.583973 

7.5641  3.3134249  5.2173549 

8.6817  3.4721707  5.4354446 

!arbon..7.4263  3.3274293  5.1344146 

n 4.3807  B  is  3.288394  negative.  6.1899631 

side . . .  7.3914  8.1580608  5.3667327 

6.4618  2.949092 

8.4079  3.34164 

7.9711  3.74293 

Fm-  lUam.  fbr  ether. 

=  2763.59,  B  =  2057.8, 

C  =  164960. 


d  the  volume  of  a  pound  of  the  vapor  by  means 
n  (84),  or  the  approximate  one,  (86).     Thus, 
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^t  =  ^1  H — T-  =  ^1  + 


d  T  d  r 

The  value  of  h^  is  given  by  equations  (10)  and  (11),  and 
substituting,  gives 

pv^—pv,=:  y^ ;.--t: J. 


(I +  V^)  2.3026 


This  is  the  outer  work.     The  disgregation  work  will  be 

p  =  B.^jpiv^-  ^,).  (14) 

Zeuner,  by  this  laborious  process,  computed  the  disgre- 
gation work  for  a  range  of  temperatures,  and  for  various 
substances,  and  assumed,  arbitrarily,  that  they  followed  the 

law 

p  =  a^  —  \t  — c.  ^, 

and  determined  the  constants   by  means  of  his   previous 
computations,  and  obtained  the  following  results  : 

For  French  units. 

Ether p  =    86.54  -  0.10648 1  -  0.0007160  f. 

Acetic  acid p=  131.63  —  0.20184^  —  0.0006280  f. 

Chloroform  ..../>=  62.44  -  0.11282 1  -  0.0000140  f. 
Ohio,  of  carbon  p  =  48.57  -  0.06844 1  -  0.0002080  f. 
Bisulp.  of  carbon  p  =    82.79  —  0.11446 1  -  0.0004020  f. 

For  saturated  steam,  the  oicter  work  may  be  found  very 
nearly  from  a  table  of  the  properties  of  saturated  steam, 
by  multiplying  together  the  corresponding  pressures  and 
volumes.  The  product  will  be  p  -v,,  Eq.  (14).  The  temjjer- 
atures  being  given  in  such  a  table,  we  may  find  the  total 
latent  heat  of  eva^poration  by  means  of  equation  (76), 
page  95. 

Beduce  the  pressures  to  pounds  per  square  foot,  if  neces- 
sary; and  substitute  in  equation  (14),  to  find  the  disgre- 
gation work. 
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The  latent  heat  of  evaporation,  as  commonly  used,  might 
be  called  the  apparent  latent  heat  of  evaporation  /  and  the 
disgregation  work,  the  seal  latent  heat  of  evaporation. 

Page  96.  The  latent  heat  of  evaporation  is  reported 
differently  by  different  authors.  Thus  I  find  that  one  author 
gives  for  oil  of  turpentine,  123,  another,  133,  and  still  an- 
other, 184;  and  I  have  not  ascertained  which  is  correct. 
For  ether,  164.0,  162.8.  Alcohol,  304.8,  372.7,  385.  Naph- 
tha, boiling  point,  306,  141°  F. ;  latent  heat  of  evaporation, 
184,  236. 

Densities  of  some  vapors  compared  with  that  of  air  when 
near  their  boiling  points : 

Atmospheric  air 1.000 

Steam 0.6235 

Alcohol  vapor 1.6138 

Sulphuric  ether  vapor 2.5860 

Vapor  of  oil  of  turpentine 3.0130 

Vapor  of  mercury 6.976 

The  densities  of  vapors  at  the  boiling  points  of  the  liquids 
are  approximately  inversely  as  their  latent  heats  of  evapo 
ration. 

Thus, 

Density  of  vapoy  of  alcohol  =  1.6138  _  o  kq 
I         Density  of  steam  =  0.6235  "" 

Latent  heat  of  evaporation  of  steam      =    966.1  _  o  ^^ 
Latent  heat  of  evaporation  of  alcohol  =    372.7  ~ 

76.  Rankine,  in  his  article  On  the  Centrifugal  Theory 
of  Ga^es,*  deduces  an  equation  of  the  form, 

logp  =  a  —  -;, 

for  the  relation  between  the  pressure  p  and  absolute  tem- 
perature T  of  saturated  vapor.     It  was  found,  according  to 

*  MiB,  8c,  Papers,  p.  43 ;  PhU.  Mag.,  Dec  ,  1851. 
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Eegnault'g  experiments  and  others,  to  be  accurate  for  a 
limited  range  of  temperatures  only.  Bankine  then  proceeded 
to  find  an  empirical  formula  that  would  represent  more 
accurately  a  greater  range  of  temperatures,  and  was  led,  by 
analogy,  to  try  a  third  term  containing  the  inverse  square 
of  r,  thus  giving 

logp  =  ^  -  —  -  -, 

which  was  found  to  represent,  quite  satisfactorily,  the  re- 
sults of  experiments  upon  steam,  mercury,  alcohol,  ether, 
turpentine,  and  petroleum. 

Some  fifty,  or  more,  formulas  have  been  devised  to  ex- 
press the  relation  between  the  pressure  and  temperature  of 
saturated  steam ;  all  of  which  are  sufficiently  accurate  for 
certain  small  ranges  of  temperature  and  pressure.  San^ 
kine's,  given  above,  is  the  most  accurate  for  a  large  range. 
Some  of  the  most  celebrated  of  the  other  formulas  are : 

Dulong  and  Arago's,  for  pressures  above  four  atmospheres 

p  =  (0.4878  +  0.012244  Q*  lbs.  per  sq.  in.. 

t  being  the  temperature  centigrade. 
Mallet's,  from  1  to  4  atmospheres, 

_  /75  +  ty 


""  ^  111.78  y 


lbs.  per  sq.  in.  (16) 


Tredgold's  is  the  same,  except  that  175  is  substituted  for  111.78. 
Pambour's,  from  1  to  4  atmospheres,  r  *  C. 


p  =  ('-Sm-y''^-^"^'^-  ^"^ 


Roche's 


m-f-D  t 
p  =  ab  (17) 

Regnault  made  three  equations  ;  the  first  applying  from  —  80"  C.  to 

0*'C. 

log  p  =z  a  +  b  a^,  millimetres,  (18) 

in  which  a  =  -  0.08088 ;    logb=2  9.8024724  -  10  ;   log  a  z^  0.0888980; 

n  =  82°  +  «. 
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From  0'  to  100*  C. 

I'jg  p  =  a  -^  b  a^  -\-  e  P\  millimetres,  (19) 

in  which  a  =  4.7384880 ;    logb=:  0.6116485  ;   log  c  =  8.1840839  -  10 ; 
loga  =  9.9967449  -10;  log  P  =  0.0068650. 
From  100*  to  220^*  C. 

foy  p  =  «  —  6a" +  Ci3»,  (20) 

In  which  a  =  6.4588896  ;  logb  =  0.4121470  \  log  e  =  7.7448901  -  10  ; 
loga  =  9.99741212  -  10 ;  l»g  p  =  0.007590697. 

Zeuner,  by  a  special  investigation,  deduced  a  formula  applicable  both 
tQ  saturated  and  superheated  steam,  which  is 

PV  =  JSt  -  Cp^,  (21) 

In  which  R  =  ?^^  although  it  is  better  to  consider  B,  C,  n,  as  oon- 

stants  to  be  found  from  experiment.    For  steam  this  becomes 

pv  =  50.933  r  -  192.50  p  X,  (22) 

In  which  p  is  the  pressure  in  kilograms  per  square  metre,  and  v  the  spe- 
cific volume  in  kilograms  per  cubic  metre.  This  formula  is  suffi- 
ciently accurate  from  0.2  of  an  atmosphere  to  15  atmospheres  and,  so  far 
as  tested,  gives  good  results  for  superheated  steam. 

Hr.  Ritter,  from  a  discussion  of  experiments  by  Hirn,  proposed  the 
equation  ♦ 

in  which 

B  =  4.653,  8  =  1048800 ; 

which  gives  values  for  v  agreeing  almost  exactly  with  the  results  found 
by  equation  (84),  page  98.    But  it  is  too  Qomplex  for  analytical  discus- 
sions. 
Unwin  proposed  the  equation  f 

=  7.5080-^, 

for  saturated  steam ;  in  which  p  is  in  millimetres  of  mercury  and 
To  =  —  273,  on  the  centigrade  scale.  This  equation  is  nearly,  but  not 
quite,  as  accurate  as  Rankine's  ;  and  possesses  some  advantages  for  an- 
alytical  purposes.    Unwin  finds,  for  the  latent  heat  of  evaporation, 

*  I\fgg.  Ann,  (2),  iii.  (1878),  447. 

t  On  the  relations  of  temperature,  pressure  and  volume  of  saturated 
steam.— PAt7.  Mag.,  1886,  (1),  299-808. 


ADDENDA.  416 

^  =  ^»»- (7.508 -"^..pr  <^ 

and  for  the  specific  volume  of  saturated  steam, 

,          10821  Ae  ,n^. 

«,   =  Ci  H 7 7 ;.  (26) 

•  '   ;>  (a  —  ^10  p) 

Also,  for  alcohol ; 

fo»ri)  =  7.448-''^,.  (27) 


For  ether ; 


For  carbonic  acid ; 


logp  =  6.9968  -  5—^.  (28) 

logp=.  8.4625  -  ?^.  (29) 


The  author,  considering  steam  as  an  imperfect  fluid — or 
gas — botli  when  saturated  and  superheated,  applied  Ran- 
kine's  general  equation  for  imperfect  gases  with  the  follow- 
ing results : — 

The  general  equation  being 

i>t;  =  J?r~a,  -^-?i-  &c.,  (30) 

and  first  assuming  that  the  resulting  equation  might,  pos- 
sibly, be  of  the  same  form  as  his  for  carbonic  acid  gas,  I 

made  a^  =  0,  a,  =  -,  and  all  the  remaining  terms  zero,  giv- 
ing 

VV=:JiT-—.  (31) 

But  this  gave  no  satisfactory  result.     I  then  assumed 

i 

and  all  succeeding  terms  zero,  as  Kankine  considered  that 
a^  a^y  &c.,  were  inverse  functions  of  v,  thus  giving 

VV^jRr^^.  (32) 
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To  find  the  constants  R^  6,  n^  requires  three  contempo- 
raneous values  of  the  variables  p,  -y,  r.  I  determined  values 
of  V  by  assuming  several  values  for  p  and  r  by  equation 
(85),  page  98,  and  compared  the  results  with  the  recent 
tables  of  Professor  Peabody,  and  in  no  case  did  they  differ 
by  more  than  .02  and  in  most  cases  they  agreed  exactly  to 
the  second  decimal  figure — and  this  too  notwithstanding  he 
used  Regnault's  equations  for  the  relation  between  pres- 
sures and  temperatures,  while  I  used  Kankine's,  being  equa- 
tion (80),  page  97 ;  but  using  for  constants  my  own  values 
on  page  98,  instead  of  those  computed  by  Rankine.  So 
close  an  agreement  was  not  anticipated  under  these  condi- 
tions ;  and  where  the  difference  was  greatest  it  might  pos- 
sibly have  been  less  had  I  used  more  decimals.  I  there- 
fore use  Peabody's  tables  with  confidence.  I  have,  how- 
ever, used  v,  =  26.58  for  the  specific  volume  of  saturated 
steam  at  212^,  and  pressure  of  14.7  lbs.  per  square  inch  as 
computed  on  page  102  ;  but  all  other  values  I  have  taken 
from  the  tables. 

Using  as  arguments  the  three  sets  of  values : 

p,  =  14.7  X  144,      p,  =  100  X  144,      p,  =  160  X  144, 
V,  =  26.58,  v^  =  4.38,  v,  =  2.83, 

r,  =  672.66  ;  r.  =  788.16 ;       '      t,  =  824.06 ; 

Ifind 

Ji  =  96.95,        h  =  18473,        n  =  0.22 ; 

giving  the  equation 

pv=  96.95  r  -  ^  (33) 

More  decimals  in  the  value  of  n  would  make  v^  slightly 
larger,  and  as  only  two  are  retained,  a  comparative  compen- 
sation would  be  produced  by  increasing  the  value  of  the 
numerator,  and  the  result  of  a  few  trials  justified  this  modi- 
fication, and  we  finally  have 
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For  saturated  and  superheated  steam, 

p^  =  96.95  r jrrrj 


V 


,0.«J 


(34) 


in  which  jE?f  will  be  in  pounds  per  square  foot,  and  v  the 
cubic  feet  per  pound.  If  ^  be  in  pounds  per  square  inch 
and  V  the  cubic  feet  per  pound ;  then 

p,v  =  0.6732  r  -  ^~.  (35) 

In  order  to  test  this  equation,  I  made  the  following  table 
for  saturated  steam ;  taking  from  the  table  the  values  of  v 
and  T,  and  comparing  the  computed  and  tabular  values 
of  ^. 


* 

TEST  OP  EQUATION  (34). 

Spscinc 

VOLUMK 
CU.  PSKT. 

V, 

Tbxpkratubs. 

ft 

Prkmubx. 

Fraction 
of  error. 
Columns 
SandO. 

DegteeaF. 

Absolate. 

T. 

PonndB 
per  sq.  in. 

P  . 

Pounds  per  sq.  foot. 

Calcnlated. 

Eq.  («4). 

Pt 

Tsbolar 
value. 

90.81 
58.87 
26.58 
7.10 
5.42 
440 
2  83 
2.294 

153.1 
176.9 
212.0 
292.5 
811.8 
827.6 
868.4 
881.7 

613.76 
617.56 
672.66 
753.16 
772.46 
778.26 
824.06 
842.36 

4 

7 

14.7 

60 

80 
100 
160 
200 

588 

1018 

2116 

8597 

. 11462 

14550 

23030 

28882 

576 

1008 
2116.2 
8640 
11520 
14400 
23040 
28800 

-r  loT 
0 

—  THfTS 

1 

2 

8 

4 

5 

6 

7 

The  agreement  is  good,  and  if  the  pressures  were  ex- 
pressed in  pounds  per  square  inch,  the  whole  numbers 
would  agree  to  witliin  one  unit. 

The  measurements  of  superheated  steam  are  few  in  num- 
ber ;  but  using  those  given  by  Him,  we  have  the  follow- 
ing: 
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SUPERHEATED  STEAM. 


Specific  volumes. 

Tempentnree. 

Prewures,  Ibe.  per 
square  foot. 

SrrofB. 

cu.  metre 
per  kilo. 

cu.  ft. 
per  lb. 

c. 

rFah. 

r. 

X'^St  ^»'»"«- 

1.85 
0.697 
0.5752 
0.414 

29.685 

11.165 

9.214 

6.681 

141 
200 
246 
205 

285.8 
892.0 
474.8 
401.0 

746.46 
852.66 
935.46 
861.66 

2146 

6435 

8721 

10759 

2116.2     +  tHj 

6348.6     +  A- 

84M.8     +^ 

10581.0  i  4-  iff 

These  results  do  not  agree  so  nearly  as  for  saturated 
steam,  and  the  errors  are  all  in  one  sense,  the  computed 
values  being  all  too  large.  This  we  would  anticipate  since 
the  more  the  steam  is  superheated,  the  more  nedrly  will 
it  behave  like  a  perfect  gas,  and  conform  more  nearly  to 
equation  (162),  page  172 ;  or  to  one  of  that  form. 

In  a  paper  read  before  the  Society  of  Mechanical  Engi- 
neers in  May,  1889,  I  discussed  several  forms  of  equations 
for  saturated  steam.  Among  them  was  the  following,  pro- 
posed by  Mr.  E.  R.  Dawson,  a  graduate  at  the  Institute  : 

1636.88 


p  =  0,6734:  -  - 


v'^ 


-  0.16. 


The  close  agreement  of  Zeuner's  equation,  (22)  above, 
with  experiment,  is  more  apparent  than  real ;  since  if  our 
values  of  e/  =  427  instead  of  424,  and  t^  =  —  273.7  in- 
stead of  —  273  be  used,  the  computed  results  would  be 
more  in  error  than  his  appeared  to  be.  I  would  use  the 
preceding  equation,  (34),  with  as  much  confidence  for  super- 
heated steam  as  I  would  Zeuner's. 

78  a.  The  critical  temperature  is  the  state  at  which  no 
external  work  is  done  when  a  liquid  changes  to  a  vapor.  Or, 
in  a  series  of  isothermal  changes  in  which  the  liquid  is 
changed  to  a  vapor,  it  is  the  state  at  which  the  external 
work  vanishes.  Or,  again,  it  is  the  state  at  which  the  real 
latent  heat  of  evaporation  is  zero. 
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In  Fig.  rf,  the  external  work  done  during  the  evaporation 
of  one  pound  of  the  liquid  will  be  ^  X  -ff  C,  at  the  tem- 
perature r.  When  the  abscissa  between  F  E  and  E  C  \% 
zero,  as  at  E^  the  corresponding  temperature  will  be  the 
critical  temperature  for  that  substance. 

Neglecting  the  external  work  due  to  the  enlargement  of 
the  volume  of  the  liquid,  the  critical  temperature  will  be 
tliat  temperature  which  will  reduce  the  apparent  as  well  as 
the  real  latent  heat  of  evaporation  to  zero.  For  steam,  the 
first  two  terms  of  equation  (12)  of  this  Addenda  gives 

r  =  1919 ;  or  r  =  1459°  F. 

The  critical  temperature  of  a  few  substances  has  been 
found  by  experiment.     Thus,  it  is  for 

Deg.  0. 

Carbon  tetrachloride 292.5 

Carbon  disulphide 276.1 

Acetone 246.1 

{Pogg.  Ann.,  cli.,  (1874),  303.) 

Theory  gives  higher  values  than  these.  The  critical 
temperatures  and  pressures  for  twenty-one  substances  is 
given  in  the  Philosophical  Magazine,  1884,(2),  page  214. 

Avenarius  showed  by  experiment  that  over  a  certain 
temperature  fixed  for  each  substance  there  is  no  distinction 
between  the  liquid  and  vapor  states,  so  that  pressure  alone 
will  not  caitse  a  gas  to  liquefy. 

79.  In  Eankine's  tables  the  absolute  zero  was  assumed 
at  461.2  below  the  zero  of  Fahrenheit's  scale,  while  those  at 
the  end  of  this  work  are  computed  with  460.66. 

85.  See  Article  75  of  this  Addenda. 

96.  Clausius  claims  to  be  the  first  to  announce  that  in- 
ternal work  is  a  function  of  tlie  initial  and  terminal  states 
onJy.     (Clausius  On  Heat,  page  35.) 
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97.  It  will  be  a  good  exercise  for  the  student  to  give 
geometrical  interpretations  of  the  equations  on  page  132. 

9  7  a*  **  Ofiihe  dimermons  of  temperature  in  length,  mass  and  time ; 
and  on  the  absolute  C.  G.  S.  imit  of  temperature  "  (Phil,  Mag,,  1887,  (2), 
96).  It  is  shown  that,  in  accordance  with  Thomson's  absolute  scale,  the 
unit  temperature  wouid  be  that  of  a  perfect  gas  whose  mean  kinetic  energy 
per  molecule  was  one  erg. 

It  E  =  the  mean  kinetic  energy  of  a  molecule  of  the  gas, 

r  =  absolute  temperature  of  a  perfect  gas, 

A;  =  a  constant, 

p  =  pressure  per  unit, 

V  =  volume  of  a  pound  of  the  gas, 

n  =  the  number  of  molecules  in  a  pound  ; 

then, 

E  =  kr, 

and  making  A;  =  1, 

E==T. 

But,  equation  (2)  of  Appendix,  gives,  if  «i  =  ^  for  1  pound, 

a?poi  =  o'  =  2wJ^; 
hence,  making  a;  =  8,  and  omitting  the  subscript,  we  have 

pv  =  i  n  E; 

!(>•  X  1 

for  the  value  of  the  temperature  at  0'  C,  or  —  278"  C.  absolute,  C.  G.  S., 
and 

the  absolute  unit  =  273  -h  2.5  X  10-'«  =  about  10»«  C.  degrees. 

"  Having  seen  that  temperature  is  of  the  same  dimensions  as  energy, 
and  knowing  that  the  same  is  true  of  heat,  it  follows  that  entropy,  whose 
dimensions  &Teheai  -f  temperature,  is  a  purely  numerical  quantity ;  and 
the  unit  of  entropy  is  therefore  independent  of  all  other  physical  units. 
In  fact,  t?ie  entropy  of  a  perfect  gas  increases  by  unity,  when  (toithout  aUeV' 
ing  its  temperature)  it  receives  by  conduction  a  quantity  of  heat  equal  to  the 
mean  energy  of  one  of  its  moleeuies" 

98.  'Priming  or  superheating.  Equation  (135), 
page  144,  may  be  put  in  a  more  customary  form  as  fol- 
lows: 

Let 

T^  =  the  temperature  of  the  water  at  the  boiling  point 
under  the  given  pressure  in  degrees  Fahr., 
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T,  =  the  temperature  of  the  feed  water,  which  is  a 
sumed  to  be  the  same  as  that  of  the  higlu 
temperature  of  tlie  water  supplying  the  call 
ri  meter. 

T,  =  the  initial  temperature  of  the  water  supplied  t 
the  calorimeter. 

h  =  the  total  hsat  of  steam,  being  the  heat  iinil 
necessary  to  raise  the  temperature  of  on 
pound  of  water  from  32°  F.  to  tlie  boilin 
point  and  evaporating  it  at  that  point.  Il 
value  may  be  found  in  special  tables,  or  froi 
equation  (13i)  after  making  x  =:  1, 

A,  =  the  heat  units  in  one  pound  of  the  water  at  th 
boiling  point  above  32°  F.,  which  will  be  7^  - 
32,  nearly,  but  may  be  found  more  accurate! 
from  Article  95,  or  more  directly  from  sail 
able  tables : 

A,  ^  tlie  heat  units  in  one  pound  of  the  feed  wate 
above  32°  F., 

h  =  the  heat  units  in  one  pound  of  the  steam  abov 
the  temperature  of  the  feed  water  as  dete 
mined  from  a  calorimeter, 

in  =  the  weight  of  the  steam  condensed  in  the  call 

rimeter, 
W  =  the  weight  of  the  water   supplied   to   the  call 
rimeter ; 
then 

ir 


J  =   I  {T,  -  T.), 

(1 

,,=  T,-  T,  =  h,~  h„ 

{'■ 

*.  =  h  -  4,    =  h  -  (7",  - 

-  32).      (! 

Dividing  both  numerator  aTid  denominator  of  etiui 
tion  (135)  'by  J  =  6',  and  substituting  the  above  value 
gives 
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Per  cent  of  jpriming  =  100  '  7"  ^*  ^  (4) 

W 

h  —  A, 

If  this  equation  becomes  negative  tliere  will  have  been 
superheating. 

In  equation  (5),  li  —  A,  is  the  heat  supplied  above  the 
temperature  of  the  feed  water  to  produce  one  pound  of 

W 
saturated  steam,  and  —  (^,  —  T^)  is  the  heat  supplied  to 

one  pound  of  steam  and  water  combined.  If  the  entire 
pound  be  steam  at  the  point  of  saturation,  this  quantity 
would  equal  the  former  and  the  expression  would  reduce  to 
zero.  But  if  it  exceeded  the  former  there  would  have  been 
superheating,  and  the  expression  becomes  negative.  Tlie 
numerical  difference  between  the  two  terms  would  be  the 
number  of  heat  units  of  superheating,  and  this  divided  by 
the  specific  heat  of  steam  (0,48)  gives  the  number  of  de- 
grees of  superheating ;  or 

•j'f(r.-r.)-(h-A.) 

Deg.  snperJieating  = TTTh ' 

These  two  expressions  may  be  partly  combined  in  one, 
thus ;  if 

j  =  h-/t.  -  ~(7;-r.);  (7) 

tlien,  if  q  be  positive,  we  have 

Per  cent primmg  =  100  ^; 
and  if  q  be  negative, 

Degrees  of  fniperheating  =  ~  =  jr^   , 

disregarding  the  sign  of  q  in  the  result. 
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Accuracy  in  the  calorimeter  test  requires  a  correction  for 
the  heat  transferred  to  the  vessel  and  the  vapor  escaping  at 
the  surface.  The  corrections  will  depend  upon  the  size  of 
the  vessel,  its  material  and  the  manner  of  conducting  the 
experiments,  and  do  not  admit  of  a  general  practical  ex- 
pression. 

99.  Specific  lieat  of  saturated  vapor.    To  ex- 
plain more  fully  the  fact  that  the  specific  heat  of  saturated 
steam  is  negative,  let  c  Ah^  Fig.  tf,  be  the  curve  of  saivr 
ration^  and  let  A^  on  this  curve,  be 
the  state  of   the  steam ;    then  it  is 
found  that    if    it    expands  without 
transmission    of    heat  the   curve  of 
pressures  will   fall    below   A  h   and 
follow  some   line  2l&  Ad  (equations 
(150)  and  (151),  page  154,  and  below 
equation  (185a),  page  178).     Some  of        ^     y^j   ^^ 
the  steam  will  have  been  condensed, 

so  that  there  will  be  a  less  mxiss  of  vapor  than  at  the  state 
A.  In  order,  then,  that  the  initial  amount,  one  pound, 
shall  remain  as  steam  during  the  expansion,  heat  must  be 
supplied  to  the  steam.  On  the  other  hand,  if  the  steam 
be  compressed  without  transmission  of  heat  it  will  be  su- 
perheated and  follow  some  line  as  ^  ^ ;  and  to  make  its 
path  coincide  with  A  c^heat  must  be  abstracted.  Kankine 
found,  from  an  inspection  of  actual  curves  of  expansion 
as  shown  on  indicator  diagrams,  that  the  equation  of  the 
curve  of  expansion  was 

p  v^  =  constant^  nearly. 

But  we  have  previously  found  that  the  equation  of  the 
curve  of  saturation  is 

p  v\\  =  co7istant,  nearly ; 
which  equations  show  tliat,  if  they  have  one  common  state. 
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the  curve  of  expansion  will  fall  under  the  curve  of  satu- 
ration, and  the  curve  of  compression  rise  above  it,  since  it  is 
a  steeper  curve  at  the  common  point.  This  is  true  for  all 
temperatures  of  steam  less  than  about  976°  F. 

Ether  eng^ine.     To    determine  the  specific  heat    of 
ether,  we  have,  equation  (139),  page  147, 

and  retaining  .only  two  terms  of  equation   (12),,   of  this 

Addenda,  we  have 

Ae  =  93.32  +  0,3870  r ; 

\       93.32   ,    ^„^^^ 
.-.--= h  0.3870  : 

^  =  0.3870. 
a  r 

We  also  have 

c  =  0.517; 

.  •  .  ^  =  0.d17 , 

which  is  zero  for 

r  =  180.5°  ; 

or,  r  =  ~  280°  F ; 

hence,  for  all  temperatures  above  —280°  F.,  8  will  be  posi- 
tive ;  that  is,  the  specific  heat  of  the  saturated  vapor  of  ether 
is  positive  for  all  temperatures  occurring  inpracti<^e. 

This  reverses  certain  conditions* of  the  steam-engine. 
Referring  to  Fig.  <?,  now  let  e  A  d  be  the  curve  of  satu- 
ration of  the  vapor  of  etlier ;  then  if  the  vapor  be  coni-- 
2}ressed  from  the  state  A  the  path  of  the  fluid  will  fall 
below  A  e,  and  heat  must  be  supplied  in  order  that  the 
path  shall  be  A  e,  that  of  saturation.  On  the  contrary,  if  it 
be  expanded  without  transmission  of  heat,  the  vapor  will  be 
superheated  and  its  path  will  rise  above  A  d ;  and  in  order 
that  its  path  shall  coincide  with  A  d,  heat  must  be  ab- 
stracted. 
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In  the  ether  engine,  if  v^  be  tlie  volume  of  a  pound  of  tlie 
saturated  vapor  at  a  temperature  r„  and  it  be  compressed 
until  its  temperature  is  t,  then  will  the  volume  of  the  vapor 
be,  equation  (150),  page  154, 

TV  I  T,  dp,\ 

and  the  volume  of  the  va^wr  condensed  will  be 

Other  vapors  may  be  examined  in  the  same  manner.  (Sec 
Vapor  Enyines  in  tlie  following  Article.) 

Temperature  of  in vernlon.  Tha  temperatnre  at 
which  the  specific  heat  of  the  vapor  becomes  zero  is  called 
the  temperature  of  inversion  ;  below  which  expansion  will 
cause  condensation,  and  above  which  expansion  will  cause  va- 
porization, and  the  contrary,  the  specific  heat  being  negative. 

"  M,  Him*  ^ve  an  experimental  dcmonatrnlion  in  1863  of  the  con- 
densalion  occompaDying  a  sudden  adiabalic  expansion  of  dry  snturated 
steam,  and  t))U3  proved  tlic  negative  sign  of  *'  at  low  temperatures ;  lie 
allowed  steam  to  pass  gently  from  a  boiler,  wliereit  waa  generated  under 
n  Htmosplierca  pressure,  llirougli  n  copptr  cylinder,  200  c.  long  and  15  C. 
In  diameter,  the  ends  of  wbicU  were  closed  by  plates  of  gbiss,  until  nil 
air  and  condensed  water  had  been  driven  out  and  the  sides  had  attained 
the  temperature  of  the  steam  ;  ttiei'xit-stopcock  of  the  cylinder  was  then 
shut,  and,  the  cylinder  being  full  of  dry  saturated  steam,  the  connection 
with  the  boiler  was  cut  olT  and  the  exit-stopcoek  suddenly  o|K!ned  ;  the 
preasureat  oncefell,  and  the  cylinder,  which  had  previously  appeared 
perfectly  transparent  to  an  observer  looking  along  its  axis,  became  per- 
fectly opaque  from  the  formation  of  a  cloud  ;  this  cloud,  however,  soon 
disappeared,  heat  being  supplied  by  the  vessel  as  it  cooled  from  152°  C. 
(the  temperature  of  sntural«d  steam  under  5  ordinary  atmospberes)  to 
100°  C.  <the  temperature  under  1  atniospbere). 

M.  Cazinf  improved  ibis  apparatus  by  connecting  the  cylinder  with 
another  in  which  a  piston  was  movable,  and  placing  the  whole  in  an  oil- 
bath  the  temperature  of  which  could  be  varied  at  will ;  saturated  vapiff 
In  tbe  one  could  then  be  allowed  to  suddenly  expand  into  the  other,  or 

*  SuJMtn  dtlaSOe.  Indiutr.  <U  tHiOMte,  ciulil.  (ISSS).  I»  ;  Ctxmot,  iili.  (1808^ 

to. 

t  C.it.  lill.  (ISOShU 
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when  filling  both  could  be  suddenly  compressed  by  the  motion  of  the 
piston.  A  cloud  was  always  formed  when  steam  expanded,  but  never  on 
its  compression,  and  with  carbon  bisulphide  the  same  occurred  ;  on  the 
contrary,  as  noticed  earlier  by  M.  Hirn,  ether  vapor  never  condensed 
during  expansion,  but  always  on  compression,  showing  that  its  temper- 
ature of  inversion  is  below  ordinary  temperatures ;  further,  the  temper, 
ature  of  inversion  appeared  to  be  between  125*  and  129°  C.  for  chlo- 
roform, and  for  benzine  between  115"  and  130°  C.  These  results  are  in 
keeping  with  theory,  M.  Regnault's  formulcB  giving  790.2°,  —  113°, 
123.5*,  100°  C.  for  the  temperatures  of  inversion  of  carbon  bisulphide, 
ether,  chloroform,  and  benzine  respectively." 

119.  The  results  of  Articles  110,  111,  112,  illustrate' the 
fact  that  the  efficiency,  when  the  operation  is  in  the  cycles 
there  assumed,  is  less  than  that  for  Camot's  cycle  when 
worked  between  the  same  limits  of  temperature.  The  in- 
itial pressures  are  the  same  in  each  of  the  three  cases,  being 
p^  =  14400  lbs.  The  range  of  temperatures  in  the  Exer- 
cise on  page  174,  for  superheated  steam,  expanded  isother- 

mally,  is 

r,  -  r,  =  450  -  110  =  340. 

Initial  absolute  temperature  =  910.66  ; 

hence,  if  the  heat  absorbed  had  been  worked  in  a  Camot's 
cycle  the  efficiency  would  have  been 

^  =  910:66  =  ^•^^^' 

instead  of  0.207  as  given  in  equation  (I71a). 

In  the  Exercises  on  pages  176  and  178  for  saturated  steam 
expanded  adiabatically,  the  initial  and  final  temperatures  are 
the  same,  being 

T,  =  327.6,  T,  =  110 ; 
.'.  T,-  T,-  217.6, 
T,  =  460.66  -f  327.6  =  778,66 ; 

T  —  T 

.  • .  ii ^-i  =  0.267, 

instead  of  0.204  or  simply  0.200.  The  latter  is  75  per  cent 
of  the  former. 
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If  the  feed  water  were  of  the  same  temperature  as  the 
exhaust  steam,  we  would  have 


r,  -  7;       327.6  -  134 


=  0.245, 


r,        ""       778.26 

wliich  also  exceeds  tlie  efficiencies  actually  found. 

Vapor  en  guinea*     To  find  the  niaximunh  efficiency  of 
the  ideal  vapor  engine. 

Let  M  O  =^v^^  Fig.  dy  be  the  volume  of  one  pound  of  tlie 
liquid,  which  assume  to  be  constant  at  all  pressures,  AO=^p^ 
=  the  absolute  pressure  at  the  temperature  t,.    Let  the  vapor 
expand,     the    temperature    being 
maintained  constant ;  then,  since  it 
is  in  contact  with  the   liquid,  the 
vapor  will   be   saturated   and  the 
pressure  will  be  constant,  equation 
(80),  and  the  line  A  B^  parallel  to 
O  77,  will  be  an  isothermal.     Con- 
tinue the  expansion  until  the  liquid 
is  completely  evaporated,  and  rep- 
resent the  volume  MGhy  v^.  From 

S  let  it  be  expanded  without  transmission  of  heat  to  a  tem- 
perature r,  and  volume  M H •=  Vq\  then  compressed,  ah- 
gtra^ting  heat  so  as  to  maintain  the  constant  temperature  t„ 
and  pressure^,,  to  such  a  point  e/that  when  compressed  with- 
out transmission  of  heat  it  will  be  entirely  liquefied  when  it 
reaches  the  initial  state  A.  The  adiabatics  B  C  and  A  J 
will  be  represented  by  equation  (149).  The  line  B  2f  rep- 
resents the  curve  of  saturation,  and  if  the  specific  heat  of 
the  vapor  be  negative,  as  steam,  the  adiabatic  B  C  will  fall 
Tinder  the  line  B  N  2^  before  shown.  But  if  the  specific 
heat  be  positive,  like  the  vapor  of  ether,  then  may  B  C  rep- 
resent the  curve  of  saturation  and  -ff  iV  an  adiabatic,  pro- 
vided the  vapor  is  saturated  at  state  N ;  or,  in  other  words, 
if  the  vapor  is  to  remain  saturated,  the  expansion  A  B  will 
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extend  to  such  a  point  B  that,  when  expanded  adiabatically, 
reducing  the  temperature  from  r,  to  r,,  the  liquid  will  not 
be  completely  evaporated  before  the  lower  temperature  is 
reached.  If  the  ether  be  completely  evaporated  at  state  B 
it  will  be  superheated  when  expanded  adiabatically  as  shown 
in  Article  99  of  this  Addenda,  and  B  If  will  be  the  adia- 
batic  of  an  imperfect  gas.  Similarly,  the  point  of  com- 
pression J  will  be  further  to  the  right  for  ether,  and  all 
vapors  whose  specific  heat  is  positive,  than  for  those  which 
are  negative. 

The  heat  absorbed  will  be,  equations  (21)  and  (74), 


//.  =r 


d  p,   /  ^'»    ,  dp. 

The  heat  emitted  from  C  to  J  will  be 

//.  =  r.  ^^  (.0  -  v.).  (2) 

Making  d  r^  =z  d  r^  =z  d  r^  we  have, 

ABcd=    ^-f' ';^V  -  *0  =  ^' (t'o  -  tv),         (3) 

since  the  areas  of  all  the  strips  formed  by  equidistant  iso- 
thermals  between    adiabatics  will    be  equal,  as  shown  in 
Article  40,  page  32. 
The  efficiency  will  be 

//,  -  //,       <^>  -  ^')   -fr  (^'-  -  ^'-)  _  r,  -  r.         ^^^ 

—JIT  =       <rp7, T"  -  '~^'    <*> 

which  is  the  same  as  for  tJie  perfect  el§mentary  engine, 
equation  (159),  page  161.  This  result  might  have  been 
anticipated,  since  the  cycle  is  Camot's. 

97«.  To  represent  geometrically  certain  rela- 
tions. 

Equations  (^4),  page  48,  or  (123),  page  135,  give 


0,  and 
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If  T  be  constant  during  the  expansion  d  ■»,  we  have  di  ■= 
Dividing  both  eides  by  rf  ^  ^ves 

(:^-fX=(.^).-'- 

The  factor  \^]  is  the  rate  of  cliange  of  pressure  per 

nnit  of  temperature,  and  tlierefore  if  the  rate  were  uniform 
during  the  change  of  unity  of  temperature  from  rto  t  -)-  1, 
it  would  be  the  increase    ^ 
of  pressure  due  to  an  in- 
crease  of   one   degree  of 
temperature.     Draw   two 
parallel  lines  to  represent 
two  isothennals   differing 
by  unity.     As  in  the  cal- 
culus, these  hues  may  be 
tangents  to  actual  isother- 
mals.    Let  a  w  and  g  p  be  , 
the   isothermals,  differing 
by  one  degree  of  temperar 
ture.     At  a  let  the  pres- 
sure be^  ;  then  will 

(11)  = -• 

If  the  abscissa  of  J  in  ref-  ,  _      ^ 

erence  toabeoe  =  rf«,  "°- '■ 

then  a  cfh  =-ae  •  ae  =.\-J—\  d  v. 
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Let  tlie  straight  line  a  g  through  a  be  an  adiabatic  (tangent 
to  an  actual  adiabatic).  Divide  a  p  into  parts  each  equal  to 
d  V,  and  tlirough  the  points  of  division  draw  lines  parallel 
to  a  ^,  and  thiough  their  points  of  intersection  with  a  w 
draw  lines  parallel  to  a  (j\  the  spaces  thus  formed  will  be 
equal ;  and  equal  to  a  cfb^  since  they  have  the  same  base 
and  altitude.     Hence 

{(l(p)r  ^aghh=,  acfb  =  (y^j  {d v)r. 
Dividing  by  d  v, 

\d  vlr~^  \  d  rjy 

Let  a  i  represent  unity  of  volume,  or 

a  i  =  1  ; 
then 

acym^-acY.  a  i  ==  ';/    )   •  ^» 

which  is  the  right  member  of  the  preceding  equation. 

—=^]  is  the  number  of  d  <p^Q  between  r  and  r  +  1  for  an 

increase  of  volume  equal  to  unity,  and  is  equivalent  to  the 
area  a  g  3  m  =:  a  c  y  7*i\ 


( 


' * •  \dl)r  ^ '  \dr'K' 


as  deduced  above,  analytically. 

It  will  be  observed  that  the  subscript  of  the  parenthesis 
on  one  side  of  the  equation  is  the  same  as  the  independent 
variable  on  the  other  side ;  that  is,  r  is  a  subscript  on  the 
left  side,  and  the  independent  variable  on  the  other.  Writ- 
ing the  reciprocal  of  the  preceding  equation,  and  observing 
a  similar  order  of  subscripts,  we  have, 


ldv\    _  (ll]  . 
\drfjlf,~  \dpl4,' 
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tlie  geometrical  interpretation  of  which  we  will  proceed  to 

bIiow. 

The  equation 

^  =  a  constant 

Ib  the  equation  of  an  adiabatic,  and  the  expression  f-j—  j 

implies  the  rate  of  change  of  temperature  due  to  a  change 
in  the  pressure  along  the  adiabatic  a  t  Let  the  pressure  at 
a  be^,  and  at  i^,^  -|-  1,  and  a  y,  parallel  to  the  axis  of  vol- 
umes ;  then 

qt  =1. 

.  • .  change  of  temperature  from  a  to  <  =  ( -r—  j  . 

The  area  aghh=-d(p\  and  if  this  area  were  extended 
to  ^5  its  value  would  be 

and  this  also  equals 

qt  ,  a  e  •=.\  .  dv^\ 

Assume  any  arbitrary  area  sls  a  g  I  k  for  an  increase  of 

^  =  1.      Since  l-j — J  is  the  increase  of  temperature  for  an 

increase  of  unity  of  pressure,  it  is  the  temperature  of  the 
isothermal  t  o  above  that  oi  a  k; 

.'.arenatnk^  (^)^  (<p  =  1). 

The  expression  \-= — 1  is  the  abscissa  of  v  for  (p  unity, and 

hence  is  the  abscissa  of  k  in  reference  to  a  ;  and  this  multi- 
plied by  ^  ^  =  1,  gives 


c 
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1 


yi  (pip 


hence  the  equality  of  the  expressions. 

The  second  equation  of  thermodynamics  is 

,  d  H       r^    d  r       fd  v\    J 

d  <p  =   =  C/p [-J—]  dp, 

r  ^     r  \drh 

which  becomes  for  r  constant, 

\dplr  VI  T/^ 

If  a  and  h  be  consecutive  states  on  the  isothermal,  for  an 
increase  of  volume  d  v  =  a  e^  the  pressure  decreases  an 

amount  a  d  =  --^  dp. 

^dv\ 

where  apis  the  increase  of  volume  in  passing  from  one 
isothermal,  t,  to  another  a  unit  higher,  r  +  1,  measured 
on  a  horizontal  line  ;  and  tliis  multiplied  by  an  ordinate  q  t 

=  ^  =  1,  gives  the  area  a  t  up  =  a  t  v  w,      ( "j^  ^^  the 

number  of  9>'s  between  two  isothermals  for  an  increase  unity 

in^. 

d(pT  =  ahhff  =  a  hjp^ 

which  divided  hy  —  dp  gives 

—  at  up  =  —  (-7—1    =  atvw. 
Taking  the  reciprocal,  we  have 

\dqfJy  \dvJ*^ 

which  may  be  geometrized  in  a  similar  manner. 
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Thus,  the  right-hand  member  implies  the  increase  of 
temperature  for  a  change  of  unity  of  volume  on  an  adia- 
batic.  Let  ay=— 1;=—  1,  and  from  q  erect  a  perpen- 
dicular to  meet  the  adiabatic  tlirough  a  Bt  t;  then  will  the 
increase  of  temperature  at  t  above  that  at  a  be 


( 


dT\ 
dr)^ 


If  the  increase  unity  of  9>  be  represented  hy  a  glJc^  then 

atnk  =z   i-rrA '  (<p  =  1). 
\d  y)^ 

Also 

^d  p\ 


\d  <pl^ 


will  be  the  ordinate  of  g  above  a,  which  multiplied  by  k  = 
unity  will  give  the  same  result  as  the  preceding. 

113.  Cut-off.  In  the  analysis  on  page  182  no  account 
is  taken  of  the  condensation  of  steam.  In  order  to  determine 
approximately  the  modification  of  the  preceding  analysis 
which  would  result  from  this  cause,  assume  that  sufficient 
steam  is  admitted  to  produce  the  same  pressure  up  to  the 
point  of  cut-off  as  if  there  were  no  condensation,  and  that 
the  mean  effective  pressure  is  the  same ;  then  will  all  the 
quantities  in  expression  (191),  page  183,  remain  the  same 
except  r  and  h.  The  value  of  h  will  be  increased,  for  larger 
boilers  may  be  required,  and  more  fuel  will  be  required, 
and  other  incidentals  mav  be  increased.  In  the  solution,  if 
h  be  increased,  O  C^  Fig.  50,  page  184,  will  be  increased, 
and  V  D  will  be  increased  in  like  proportion,  since 

CD=-x oa 

V 

Hence,  the  point  D  will  be  found   on   the  same  line 

N  O  D^  prolonged  ;  but  the  more  remote  the  point  D  is, 

the  further  to  the  right  will  be  the  tangent  point  P,  thus 

requiring  a  later  cut-off.     In  theory  or  practice,  however, 
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the  cut-ofE  in  case  of  condensation  will  not  be  very  much 
larger  than  if  there  were  no  condensation.  This  case  was 
well  discussed  in  the  paper  by  Wolff  and  Denton  in  their 
paper  read  before  the  Society  of  Mechanical  EngineerSj  re- 
ferred to  on  page  189.  It  appears  from  the  examples 
there  given,  tliat  the  first  cost  has  an  important  influence  on 
the  most  economical  point  of  cut-oflf,  and  that  in  stationary 
engines  the  ratio  of  expansion  should  not  be  very  high  for 
greatest  economy — ^all  elements  involved  being  considered. 
But  in  marine  engines  another  element  enters — that  of  ^ 
storage  room  for  fuel.  Here,  all  space  saved  by  reducing 
the  amount  of  coal  necessary  for  making  a  voyage  may  be- 
come profitable  by  furnishing  room  for  the  storage  of  mer- 
chandise, or,  otherwise,  lessening  the  non-paying  burden  of 
the  ship.  Under  these  conditions  very  high  expansions  may 
be  economical  when  they  would  not  be  on  land  service, 
where  storage  room  is  of  no  value. 

Miscellaneous. 

The  following  are  some  average  results  for  the  total  heat  of  combustion 
per  pound  of  some  liquid  fuels.  {TheM,  by  James  Beatty,  Jr.,  Stevens 
Institute,  1884,  p.  72.) 

Petroleum 20,800  B.  thermal  units. 

Coal  gas 20,200  " 

Creosote 16,400  " 

Asphalt 15,900** 

Anthracite 14,500" 

Carbon 14,450" 

Bituminous   14,200" 

Lignite 11,800" 

Peat 9,600" 

Water  gas 8, 500  " 

Wood 6,800"  "         •• 

Generatorgas 3,100" 


<«         «« 

<<  t4 


«•  f  ( 

<<  (( 

<(  (< 


**  *t 


Air  liquefied  at  high  pressures — say  with  about  40  atmospheres  and  at 
—  142°  C. — may  be  maintained  in  a  liquid  state  at  a  pressure  of  one 
atmosphere,  provided  the  temperature  be  lowered  to  about  —  191*  C. 
{Phil.  Mag.,  1885,  (2),  468.) 

This  ii  similar  to  the  action  of  steam.    If  steam  be  at  a  pressure  of 
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200  pounds  to  the  square  inch  and  temperature  800°  F.,  it  cannot  be 
liquefied  by  mere  compression  ;  but  if  at  that  pressure  the  temperature 
be  diminished  to  380'',  it  will  liquefy,  and  the  pressure  may  be  gradually 
removed  down  to  one  atmosphere,  provided  the  temperature  be  reduced 
to  212°  P.  or  less. 

Chirve  of  saturatum  of  oxygen.  The  experiments  of  Wroblewski  for 
the  boiling  points  of  oxygen  give  the  following  results  (Phil,  Mag,, 

1884,  (1),  491) : 

Preraare.  Temperature. 

Atm.  Degrees  C.  Degrees  F. 

50  -  118  -  171.4 

27.02  -  129.6  -  201.8 

26.85  -181.6  -204.9 

24.40  -  183.4  -  208.1 

28.18  -  184.8  -  210.6 

22.2  -136.8  -212.4 

1  -  184.0  -  299.2 

These  plotted  on  the  plane  of  p  and  r  would  be  the  curve  of  saturation 
on  that  plane. 

Evaporation  and  dissociation.  {Phil,  Mag.,  1887,  (2),  196. 
This  is  Part  IV.  of  a  series  of  articles  upon  liquids  and  vapors.) 

Boilings  points  of  g^ases  at  atmospheric  pressure,  or  the  points 
of  liquefaction  of  gases.  M.  S.  Wroblewski  has  determined  the  follow- 
ing values,  the  temperature  being  measured  by  means  of  a  thermo- 
electrical  apparatus  which  was  considered  correct  to  within  i  of  a  degree 

down  to  —  200°  C. 

Boiling  Point  at 

Substance.  Atmospheric  Pressure. 

Degrees. 
C.  P. 

Air -194.2        -817.5 

Oxygen,  O -184.0        -299.2 

Nitrogen,  N -198.1        -315.6 

Carbonic  oxide,  CO -  198.0        -  315.4 

Ethyline -  198.0        -  315.4 

(Phil,  Mag.,  1884.  (1),  490.) 

The  conductivity  of  heat  in  several  liquids  is  given  in  the  Phil.  Mag., 
1887,  (2),  1-27.  The  conductivity  of  water  is  the  highest  of  all  those 
reported.  If  that  of  water  be  100,  that  of  benzine  is  about  2P.8.  p.  18. 
If  that  of  air  be  0  00049  C.  G.  S..  that  of  water  will  be  0.0645,  p.  22 ; 
and  that  of  petroleum  about  0.022 ;  ether,  0.023  ;  carbon  disulphide, 
0.016,  p.  27.  Accordingly,  it  appears  that  water  is  one  of  the  best  of  the 
liquids  for  absorbing  heat  in  a  boiler. 
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Watt's  law.  The  gum  of  the  nensible  and  latent  Jtsats  of  steam  i$ 
eomtant. 

This  is  one  of  the  earlier  laws  deduced  from  crude  experiments,  but 
Regnault's  experiments  showed  it  to  be  erroneous.  (Eq.  (78),  p.  95. 
Also  Browne's  translation  of  Clausius  On  Heat,  pp.  131-134.) 

The  mechanical  equivalent  of  light,  as  determined  by  Ju- 
lius Thomsen,  is  about  13.28  foot-pounds  per  minute  for  one  candle. 
(Pha.  Mag ,  1885,  Vol.  XXX.,  p.  246.) 

According  to  Moses  G.  Farmer,  it  is  about  10.1  foot-pounds  per  candle 
per  minute.    (Am.  Jour,  8c,  and  Arts,  1886.  Vol.  XLI.,  p.  214.) 

Density  of  liquefied  gases.  The  aensity  of  liquid  hydrogen  at 
O**  C.  is  0.025  ;  at  -  23'  C,  0.032  ;  of  liquid  nitrogen  at  O**  C,  0.87  ;  of 
liquid  oxygen,  0.65  at  0°  C.  (Caillett  and  Hautefeuelle  in  Comptes  Ben- 
due.  Vol.  XCII.,  p.  1086.) 

According  to  Wroblewski,  the  density  of  liquefied  oxygen  is  0.8d9  at 
-  100"  C,  and  1.24  at  -  200**  C.    {Comptes  Bendus,  102,  1010.) 

The  specific  grravity  of  ice  at  0°  C.  is  0.91886.  {Smithsonian 
Contributions,  1888,  Vol.  XXXIII. ,  p.  40.) 

Sulphurous  acid.    Latent  heat  of  evaporation  of  sulphurous  acid 

is 

A.  =  01.2  —  0.37  « calories, 

very  nearly  from  t  =  -  W  C,  to  t  =  70"  C. 

Densitp  of  the  saturated  gas  is  0.00624  at  7.3"  C. ;  0.4017  at  154.9"  C. 

Density  of  the  liquid,  1.4338  at  0"  C;  0.6370  at  155.05"  C.  {Comptes 
Bendus,  Vol.  CIV.,  p.  1564.) 

For  more  recent  and  more  reliable  values,  see  page  357,  and  paper  by 
the  author  in  the  Ih'ans,  of  the  Society  of  Mechanical  Engineers,  Vol. 
XI.,  1890. 

Short  trips  across  the  Atlantic.  In  May,  1889,  the  dtp  of 
Paris  crossed  westward  in  5  days,  28  hours  and  7  minutes.  In  August, 
eastward,  in  5  days,  23  hours  and  44  minutes ;  westward,  in  5  days,  19 
hours  and  18  minutes.  In  August.  1890,  the  Teutonic  made  a  wertward 
trip  in  5  days,  19  hours  and  5  minutes,  and  claimed  to  have  sailed  40 
miles  farther  than  the  Citj/  of  PaHs  when  the  latter  made  her  quickest 
trip.  The  greatest  reported  speed  of  the  latter  exceeded  that  of  the 
former  by  5  miles  for  24  hours.  In  August,  1891,  the  Teutotiie  made  a 
trip  in  5  days,  16  hours  and  81  minutes.  July,  lS92,Ci(y  of  Paris,  5  days, 
15  hours,  58  minutes. 

Vertical  distribution  of  temperature  in  the  atmosphere  is 
very  variable.    {Engineering  [London],  1889,  Novemlier,  pp.  522,  566.) 

Temperature  of  space  lias  no  sensible  existence.  (S.  P.  Langley, 
PhU,  Mag. ,  January,  1890,  p.  83.)    The  mean  temperature  of  sunlit  lunar 
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soil  is  much  lower  than  has  been  supposed,  and  is  most  probably  not 
greatly  above  zero  centigrade.    (Ibid,  p.  58. ) 

Heat  transmitted  through  cast-iron  plates  pickled  in  nitric  acid 
is  about  70  per  cent,  of  clean  untreated  plates.  (Carpenter,  in  Trans, 
8oe.  Meek.  Eng'rs,  1893. ) 

History  of  the  gas-engine.  (Seientifle  American  Supplement, 
1889,  p.  11,416.) 

Steam-engine  practice  in  1884  by  J.  C.  Hoadley,  C.  £.  {Trans. 
Am,  Asso.far  Ad.  of  Science,  1884,  pp.  289-859.) 

While  breathing,  a  man  consumes  about  215  cubic  feet  of  air  per 
hour,  or  about  17  pounds. 

Page  74. — To  show  that  the  elasticity  of  the  air  equals  its  tennton, 
let  Pi  be  the  pressure  on  unity  of  area,  producing  a  compression  A  and  I 
the  length  of  the  column ;  then,  from  Remtance  of  Materials,  we 
have 

Pi  =  Bj  ^  ^  (a) 

For  isothermal  change  we  have 

pv^Hr; 
,',  pdv  =z  ^  V  dp; 

or,  making  v  •=  I,  dv  =  ^  X  and  dp  =  pu  then 

pXz=  Ipt; 
p  X 

which  compared  with  equation  (a)  gives 

p  =  E. 
If  the  change  be  adiabatic,  then 

pv    —  ^t 

and  by  a  similar  process  it  will  be  found  that 

E  =  y  p. 

Page  83.— To  obtain  equation  (65).  let  r,  be  variable,  and  dropping 
the  subscript  „  the  variable  factor  in  (64)  will  be 

1 

Squaring,  differentiating,  placing  equal  to  zero,  and  equation  (65)  is 
readily  found. 
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Page  103.  EXERCISE  9— Let  Ov.hethe  volume  of 
a  pound  of  water ;  when  it  is  all  evaporated,  let  it  be  O  v, 
~  26.5  cubic  feet.     Let  v^  A  represent  the  pressure  of 

one  atmosphere  =  2116.3 
\  pounds  per  square  foot; 

then    the    external    work 

will  he  0  v^X  v^  A.  Let 
v^  a  be  the  virtual  pressure, 
which  would,  if  worked  to 
the  volume  v„  represent 
both  the  external  and  inr 
temal  work  ;  then,  in  this  exercise,  A  a  will  be  12.37  times 
V,  A,  The  heat  absorbed  in  evaporating  the  pound  of  water 
will  be  represented  by  the  area  tp^  A  jB  <p^  which  in  this 
exercise  will  be  751672  foot-pounds. 

The  line  J.  J?  is  an  isothermal  of  the  vapor  whose  equa- 
tion is  of  the  fonn 

The  value  of  p  (or  h)  is  given  by  equation  (80),  page  97 ; 
or  by  the  equations  on  pages  413  and  414.  The  equation 
of  a  J  is  of  the  same  form,  but  for  steam  the  last  term  will 
be  about  11  to  12  times  v^  A,  The  equations  of  the  adia- 
batics  A  <p^  and  Bq>^  will  be  given  by  eqimtion  (149),  page 
153,  or  equation  (a),  page  184. 

Pasre  lOO.  EXERCISE  1.— Let  t  be  the  required  temperature;  then 
will  the  heat  lost  by  the  water  equal  that  gained  by  the  other  sub- 
stances ;  hence 

8(90  -  0  =  10(«  -  30)  X  0.655  +  20  (<  -  eO)  x  ;,V';  •  '•  <  =  ^O.Od"  F. 

Another  way  of  solving  these  problems,  when  there  is  no  change  of  state, 
as  from  solid  to  liquid,  is  to  find  the  heat  in  all  the  substances  above 
some  assumed  initial  temperature,  and  divide  the  result  by  the  heat 
necessary  to  raise  the  several  substances  one  degree,  as  follows : 

Since  the  substances  arc  all  liquid  in  this  Exercise,  we  will  treat  them 
as  if  they  were  liquid  from  and  above  0"  F. ;  then  will  the  heat  units  to 
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8  lbs.  of  water  at  90*  F.  above  O'^F.  be8X00Xl  =  270,  since  the 
specific  heat  of  water  is  unity.    In  this  way  find 


8p.        T  u.  B.  T.  U. 

h.        ^'*"  per  deg. 
1x8=      8.000 
0.655  X  10    =      6.550 
A  X  20    =      0.606 


Total.       10.156 

502.86 
10.156 


B.  T.  U. 
Deg.  Total. 

X  90    =         270 
X  80    =         196.5 
X  60    =  86.86 


502.86 


=  49.56''  F. 


EXERCISE  2. — In  this  exercise  there  will  be  a  change  of  state  from  ice 
to  water.    The  heat  units  above  0°  F.  will  be 

heat  in   8  lbs.  ice  from  0°  to  10%..  .0.5  x  8  x    10  =      15  heat  units 

**    ••12    "    solid  water  at  82%... 0.5  X  12  X    82=    192    "       " 

heat  of  fusion  12  lbs 12x144  =  1728    "       •' 

heat  in  12  lbs.  J%0  from  82  to  60° . .  12  x    28  =    886    <•       " 

Total  heat  in  the  mixture  above  0"  F.  =  2271    " 

The  heat  In  the  whole  mass  (15  lbs.)  above  zero  to  water  at  82**  will 
be 

0.5  X  15  X  82  4-  15  X  144  =  2400  heat  units 

This  shows  that  it  would  require  2400  —  2271  =  189  more  heat  units 
to  melt  all  the  ice  at  82**.  If  all  be  melted »  then  the  temperature  of 
melting  would  be  129  -^  15  =  8.6"*  F.  below  82%  or  28.4"'  F.  The  word- 
ing of  the  problem  should  be  changed  in  order  to  obtain  a  consistent 
result.  Thus,  let  it  be  required  to  find  how  much  ice  would  be  melted  ; 
then,  if  y  be  the  pounds  melted,  we  have 

8  (82  -  10)  X  0.5  -f  144  y  =  12  (60  -  82) ; 

.  -.y  =  2.1. 

EXERCISE  3.— In  this  there  will  be  two  changes  of  state  from  0"*  to 
225*  F.    We  have  for  heat  in  the  two  substances 

61bs.  ice  above  p*  F 0.504  x 

1  lb.  i/iO  from  6*  to  32*' 0.504  x 

plus  heat  of  fusion  

'*    from  32°  to  212* 

"    heat  of  vaporization 

**    steam  from  212  to  225. 0.48  x 

1371.868 


B.  T.  U. 

6 

X 

20  = 

60.48 

X 

82  = 

16.128 

X 

144  = 

144. 

X 

180  = 

180. 

X 

966  = 

966. 

X 

18  = 

5.24 

440 


ADDENDA. 


Assuming  that  the  resultant  mixture  is  liquid,  we  next  find  how  much 
beat  would  be  necessary  to  raise  the  temperature  of  7  lbs.  from  0"  to 
water  at  82",  we  have 

0.504  X  7  X    82  =    112.896  heat  units. 
7  X  144  =  1008. 


Heat  required  1120.896 


<( 


i( 


ti 


<• 


There  will  remain  1871.868  ~  1120.896  =  250.472  thermal  units,  and 
this  would  raise  the  temperature  of  the  7  lbs.  of  water  250.472  -^  7  = 
85.75  degrees  ;  hence  the  temperature  will  be  85.75  -f  82  =  67.76  degrees 
F.,  and  as  this  is  less  than  212  degrees  it  is  the  result  sought. 

EXERCISE  5.— Let  x  be  the  required  number  of  pounds,  then 

(212  -  200)  a?  =  966. 

.  Pagr6  120,— In  order  to  reduce  equations  (107)  and  (108),  it  will  be 
necessary  to  find  n  in  terms  of  p  and  r  ;  but  the  equations  for  imperfect 
fluids  usually  being  p  =  /  (r,  t)^  the  resolution  in  terms  v  will  be  more 
or  less  complex.    Thus,  one  of  the  simplest  forms  is  that  frequently 

used  in  this  work,  pt  —  ar  —   — ,  which  resolved  in  terms  of  9  is  a 


r  t? 


d*u 


radical  of  the  second  degree,  and  the  ^—  is  so  complex  that  when  multi- 
plied by  (2  p  the  integral  cannot  be  performed  in  finite  terms.  If,  how- 
ever, the  equation  be  that  given  by  Zeuner,  equation  (21),  page  414,  v 
will  be  found  as  a  simple  function  of  r  and  p,  and  equations  (107)  and 
(108)  will  be  more  easily  reduced  than  (105)  and  (106). 

Page  123, — To  show  the  geometrical  signification  of 

tlie  quantities  in  the  equation 


^- =©,•"■+ (^;)''- 


r^d  r 


let  a  J  be  the  path  of  tlie  fluid. 
Intersect  it  by  two  consecutive 
isothermals,  r  and  r  -\'  dr^  and 
draw  a  d  parallel  to  the  "o  axis, 
J  <?  and  a  g  parallel  to  the  J9  axis. 
Tlien  the  total  differential  of  t',  or  d  v  (which  is  the  left 
member  of  the  equation),  will  be  the  abscissa  of  ft  in  refer 


FIG.  g. 


ADDENDA.  441 

ence  to  a,  and  the  total  d  p  will  be  the  ordinate  of  h  in 
reference  to  a ;  hence 

d'o  =■  a  c^  dp  =  h  c. 

At  a  draw  the  tangent  a  A,  and  let  a  ff  =  p  =  1,  and 
make  a  e  =:b  c  and  draw  e  f  and  g  h  parallel  to  a  rf,  then 

d  V 


^^=(rfj)r' 


that  is,  if  the  isothermal  were  the  straight  line  a  A,  then  by 
passing  down  it  until  p  z=.  1  =  a  g^  the  abscissa  g  h  in  refer- 
ence to  a  will  be  as  written  above.  It  not  being  generally 
a  straight  line,  take  ae=:^ic  =  dp,  then,  by  the  simi- 
larity of  triangles, 


a  a  \dplr 


dpi 

Since  a  e  \s  negative,  being  measured    downward,   we 
really  have 

by  construction.  This  is  tlie  first  term  of  the  second  mem- 
ber.    In  the  third  term  \-^\    would  be  represented  by  a  d, 

since  p  is  constant,  provided  the  isotliermals  were  unity 
apart ;  but  as  they  are  only  d  r  apart  we  have,  on  the  prin- 
ciple just  given, 

hence, 

dv  =  ac  =  ad  -  cd  =  {p)dr  +  (^)^(^-dp). 
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If  t;  be  constant,  the  path  of  the  flcud 
will  be  perpendicular  to  the  axis  of  v.  Let 
a  of  the  preceding  figure  be  moved  to  the 
right  until  it  falls  on  c^  as  shown  in  the 
annexed  figure,  when  total   d  ^  becomes 


zero,  and  we  have 


*"=°.(r:)/'=«*(f-a*.^=-'^ 


Pae^  132.— The  equation 


was  deduced  from  equation  {A),  p.  48,  by  dividing  both  members  hydv; 
hence,  in  the  right  member  the  factor  1  should  be  retained  in  order  to 
make  the  terms  homogeneous,  giving 


(lf),='SD.-'. 


in  which  1  represents  unity  of  volume. 

In  representing  these  quantities  geometrically,  we  wUl  for  conven- 
ience use  straight  lines,  a  method 
strictly  correct  at  a  state. 

Let  A  be  the  initial  state,  0  Vt 
—  0  Fi  =  1,  be  the  increase  of 
volume,  A  B  the  isothermal  through 
A,  or  if  the  isothermal  be  a  curved 
line,  then  A  B  will  be  tangent  to 
the  isothermal,  A  g}\t  B  <p%,  adi- 
abatics  indefinitely  extended ;  then 

Fta.  h. 
If  a  5  be  an  isothermal  one  degree  higher  than  A  B,  then 

and 


"&).■ 


AabB=Aa' Tif}9=  {^j   '  ^' 
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If  the  area  g>i  A  B  <pthecnt  by  isothermals  CD,  JSF,  eto.»  differfng 
by  unity,  then 

AabB  =  ABDC=  CDFB,  =,  etc., 

and 

^M  B  ^  =  (^)^  =  r  (1?)^  .  1. 

ft 

The  next  equation  on  page  132,  becomes 

In  this  case,  the  temperature  of  the  working  fluid  is  increased.    Let  A  a 
be  the  increase  of  pressure  for  an  in- 
crease of  temperature  of  one  degree 
and  Di  «i  =  1.    Then 

l-j~\     =  <px  A  B  <p%\  and  the  left 

member  is  the  heat  necessary  to  be 
added  to  that  oi  q>x  A  B  <pt  in  order 
to  increase  the  temperature  one  de- 
gree, and  maintain  it  at  that  tempera- 
ture while  it  works  under  the  pres- 
sure Vx  a,  through  the  space  ^'i  v%, 
provided   the  pressure    is  increased  Fio.  %. 

uniformly  with  increase  of  temperature.  The  right  member  represents 
the  difference  of  the  external  works  during  the  expansions  at  tempera- 
ture r  and  r  -f- 1  plus  the  difference  of  the  internal  works  during  the 
same  expansions.    We  have 


&), 


'  1  =  Aab  B. 


The  difference  of  the  internal  works  in  expanding  along  the  two 
isothermals,  A  B  and  a  b,  respectively,  equals  the  difference  of  the  in- 
temal  works  along  the  paths  A  a  and  B  b,  respectively,  and  the  latter  U 
as  given  on  page  119, 

^--^'  =  *■  d7«  <^' -  «■  =  1)  =  «•  d  r'  •^- 
The  next  equation  on  page  132  is 

fdm 


(If). ="+'/:  (a  ■"■ 
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This  represents  the  heat  absorbed  at  coDstant  volume  for  an  increase 
of  one  degree  of  temperature.  It  is,  as  shown  by  the  right  member,  the 
heat  which  makes  the  substance  hotter,  represented  by  C,  plus  that  which 
does  internal  work.    It  may  be  represented  on  a  diagram  of  energy  by 

the  area  <pi  A  B  q>^,  in  which  J.  P  is  the  in- 
crease of  pressure  due  to  an  increase  unity  of 
temperature  and 

C  =  Uxa  B  <pt. 

The  sum  of  these  two  quantities  is  the  specific 
heat  ai  state  A.    The  heat  absorbed  in  raising  the 
temperature  one  degree  will  be,  making  t%  = 
r  +  1  in  equation  (106),  or 
FIG.  j. 

The  last  term,  generally,  cannot  be  integrated  with  r  and  «,  mutually 
dependent  variables  as  they  will  be,  except  for  isothermal  expansion.  The 
internal  work  will  be  the  same  whether  the  expansion  be  isothermal  or 
adiabatic,  if  indefinitely  extended ;  for  the  two  paths  arc  asymptotic  to 
each  other,  and  the  initial  states  are  the  same,  so  that  the  two  paths 
will  form  a  closed  cycle. 

Let  A  Tx  and  ^  ra  be  two  isother- 
mals  differing  by  unity  ;  then  may  the 
difference  of  the  internal  w^orks  in 
expanding  along  these  isothermals  be 
represented  by  the  shaded  area  AamiT, 
and  this  area  will  equal  the  shaded  one 
in  figure^*,  or 

Ti  A  am\  =  <p\f  A  a  ni. 

FTO.  k. 

Conceiving  the  expansion  to  be  isothermal,  r  will  be  constant  during 
the  t7-integration,  and  v  constant  for  the  r-integration.    If  the  equa- 

tion  of  thegasbej>t?  =  JBr  —  — ,  then  for  an  increase  of  one  de- 
gree of  temperature 

Tx  Aam\^ 


2a 


t;  r  (r  +  1) 


Pag^e  133.— In  the  equation 

dvKdrJ,  \drj       ' 
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the  Talue  [ -^ — j  is  the  heat  absorbed  for  an  increase  of  temperature 
of  one  degree  (or  strictly  it  is  the  rate  at  which  heat  is  absorbed  per 
degree  of  temperature)  at  constant  volume,    d  l- — j 


/  V 


is  an  element- 


d    /dHy 


ary  increase  of  this  heat,  and  -^  (-r-  )    is  the  elementary  amount  for 

an  increase  of  volume  equal  to  unity.  The  value  is  more  readily  seen 
from  the  right  member.  Referring  to  equation  (105),  page  119,  it  will 
be  seen  that  the  right  member  is  the  -heat  absorbed  in  doing  internal 
work  for  an  expansion  unity  of  volume,  provided  it  is  uniform  through- 

out  that  volume.    Therefore  r  (  .^  )    may  be  considered  as  the  ordinate 

at  any  point  whose  abscissa  is  v  of  the  shaded  part  <pi,  Aani,  or  of 
Ti  Aami,  the  latter  of  which  will  be  used  in  the  solution  of  problems- 
since  r  will  then  be  constant. 
In  the  equation  (page  132) 


\dpjr  \dr). 


the  left  member  is  the  heat  absorbed  dur- 
ing isothermal  expansion  for  a  fall  of  pres- 
sure equal  to  unity.  Let  ^  B  be  an  isother- 
mal, Bh^l,  then  will 


(^,  =  '"^^'^ 


Fia.  I, 


Let  c  0  be  an  isothermal  one  degree  higher  than  A  B;  prolong  AhXo 
d,  and  draw  B  e  parallel  to  Ad;  then 

Ad=(^) 
\dT/j, 

Since  bB  is  negative,  we  have 
AdeB=Ad'bB=z  (j^^  -  {—1)  =  Ac  f  B  =  A  Bhg  ; 

.'.<p.AB^=r(^^)^(^l). 

Pag^e  134. — The  difiPerential  of  a  function  of  any  number  of  vari- 
ables may  be  found  by  well-known  rules,  the  result  being  an  exact  dif- 
fermtial;  but  it  is  of  ten  difficult  to  find  the  primitive  of  a  diflferential. 
A  transformation  is  often  necessary  in  order  to  render  an  equation  or  an 
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expression  an  exact  differential.  Thus,  the  first  member  of  the  equ& 
tion 

is  not  an  exact  differential  ajs  it  stands,  for  it  does  not  satisfy  the  condi- 
tion 1^)  =  dSLstl^;  but  multiplying  the  equation  by  2  »  it  be- 
as  ay 

comes 
and  then 

dx  dy        ' 

for  it  reduces  to 

4txy  ==  4xy; 

and  the  integral  will  be 

«•  (1  +  y*)  =  c. 
If  the  expression  does  not  equal  zero  we  may  write  it 

d  <p  —  Md  X  —  Nd  y  ^  Of 

which  is  a  differential  equation  of  three  variables,  of  which  two  may  be 
independent.  According  to  the  theory  of  Differential  Equations,  the 
last  equation  can  be  integrated  if 

Jfdx  4-  Ifdy  =  o 

can  be  integrated  (Boole's  Dif,  Eqs.,  4th  ed.,  page  276).  An  integrating 
factor  always  exists  for  the  latter  equation,  although  it  cannot  always 
be  found.    The  equation 


dH^  Ky  dr  +  r  (^j^    d 


on  page  48  is  an  equation  of  three  variables,  of  which  r  and  t  are  inde> 
pendent  of  each  other.    If 

is  integrable,  then  is  the  former  equation  also  integrable.    It  has  been 

found  by  some  writers  that  the  Integrating  factor  is  —  ;  hence, 

,  d  H  ^  jr    dr    .    /d  p\    . 

d<p  =i  —  =  Jir  —  +(t^)   dv 

X  T  \d  Tjf 
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Is  Integrable.    Forlnstaiice,  aubatltuting  thi!  value  of  Ky  from  page  119, 
It  ma;  be  found  tliAt 

The  function  of  t>  may  be  found  in  some  cases  when  the  equstton  of 
the  gM  is  knoTCD.  (Boole's  Dif.  Eg*.,  page  49.)  The  integral  Is  of  little 
value  except  when  the  temperature  ie  constant. 

If  a  substance  be  worked  In  a  cycle  the  resultant  Internal  work  will  be 
zero,  and  the  resultant  jnternni  energy  will  be  constant ;  hence  the 
expressions 


as 


dE.  dH  —  pdv. 


Page  KS. — The  thermodynamic  function  of  a  perfect  gas  between 
finite  limits  becomes 

^  _  fl),  =  Clog  ^  +  Ji  fo?  ^- 

Let  the  expansion  from  Hi  to  iv  be  Iso- 
thermal along  AC.  Let  S  D  be  an  iso- 
thermal one  degree  lower  than  A  C, 
Alp,  O  ipt  adtabatics  ;  then 

A  CD  E=  RU>g-- 

Equation  (36),  page  S5.  malies  this  evi- 
dent. Take  ^on  the  odiabatic  through 
B.  one  degree  lower  than  the  temperature  *^*''  "*■ 

of  £,  and  similarly  for  all  points  between  Pand  £  and  draw  J'i>;  then 

Clog-  =  CBFD. 

Let  ^  B  be  any  arbitrary  path  of  the  fluid  ;  between  A  and  B  draw 
consecutive  adiabatlcs,  r  d  and  /  e,  etc.,  and  make  f  fg  A  =  ah  ed.  etc., 
thus  determining  a  point  g.  and  in  a  similar  manner  And  other  points  as 
p  0,  etc.,  and  draw  Eg  o  F;  tlien 

<P,-  q>i  =  AB FE=  ACDS+  CBFD. 

Pago  1T9.— The  theoretical  efficiency  for  each  of  the  three  cases 
considered  is  about  30  i>cr  cent.  But  no  allowances  were  made  for 
clearance,  condensalion,  uur  for  the  imperfection  of  the  indicator  diagram. 
In  order  to  reach  more  nearly  to  actual  conditions,  assume  that  clearance 
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reduces  the  efficiency  8  per  cent.  ;  condensation,  say  25  per  cent.  ;  imper- 
fection of  the  diagram,  say,  4  per  cent.    Then  will  the  practical  effi* 

ciency  be 

0.97  X  0.75  X  0.96  =  0.70  nearly 

of  the  theoretical  value  ;  hence  the  actual  would  be 

20  X  0.70  =  14  per  cent, 
which  has  been  exceeded  in  practice,  as  shown  on  page  221. 

Pag^e  234.— Exercise  2.  If  -fg  of  the  heat  is  abstracted  by  the  re- 
frigerator, then  -fa  does  work,  and  the  efficiency,  neglecting  friction  and 
leakage,  will  be  80  per  cent. 

If  1670000  be  A,  then  will  the  entire  heat  absorbed  be  1670000  -^  0.3 
=  5566666  ft  lbs.  ^The  heat  removed  by  the  refrigerator  will  be  250  X 
18  X  778  =  3501000  ft.  lbs.  ;  hence,  if  the  data  is  correct,  the  total 
heat  would  be  1670000 -f  8501000  =  5,171,000;  and  the  heat  unac- 
counted for  would  be  5566666  —  5171000  =  395666  foot-pounds,  which  is 
about  7  per  cent,  of  the  whole.  The  data  are  inconsistent  unless  it  be 
assumed  that  about  7  per  cent  is  consumed  by  the  friction  of  the  engine. 

During'  a  test  of  a  De  La  Yergne  ice-making  machine  at  Memphis, 
Tenn..  from  July  21st  to  August  10th,  1888,  1,221.172  pounds  of  com- 
mercial ice  were  produced  by  a  consumption  of  180597  pounds  of 
bituminous  coal ;  giving  an  average  for  the  20  days  of  6.76  pounds  of  ice 
per  pound  of  coal.  If  the  coal  cost  $4  per  2000  pounds,  then  would  the 
coal  bill  be  3^ir  of  a  cent  per  pound  of  ice. 

Iiatent  heat  of  vaporization  of  Ammonia,  NHa.— Dr. 
Yon  Strombeck  determined  this  value  at  82.45°  F.  and  Regnault  found 
the  same  at  53.01''  F.  (For  the  latter  see  a  paper  by  Professor  Jacobus 
in  the  Trans,  of  the  Am.  8oc.  Meek.  Eng.,  vol.  xii.)  These  results  fur- 
nish a  check  to  the  theoretical  formula  (360),  page  332.  The  following 
are  the  re8ult48 : 

At  32.45''  F.  the  author  finds  by  Table  YI h^  =535.18 

At  32.45''  F.  Dr.  Yon  Strombeck  finds ^c   =  534.2 

Difference 0.98 

or  about  \  of  one  per  cent. 

At53*F.  the  author  finds A©  =  522.39 

;    At  53°  F.  Regnault  exp.  gives Ac=  521.64 

Difference 0.75 

or  about  \  of  one  percent. 
These  results  indicate  that  Table  YI.  is  practically  exact. 
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liatentheat  of  the  yaporization  of  Sulphur  Dioxide,  SO,. 


D«g.  F. 

Bxperimental 
results. 

Fonnnia  (c)  ptge 
857. 

Difference. 

-10 
0 

5.74 
10.50 
20. 

170.21 
165.06 
160.88 
157.18 
152.06 

173.68 
171.26 
169.92 
168.56 
165.59 

3.47 

6.20 

8.04 

11.38 

18.58 

From  these  results  it  will  be  seen  that  the  experimental  and  theoretical 
results  depart  more  and  more  with  increase  of  temperature.  The  fol- 
lowing formula  represents  the  results  of  these  experiments,  for  the  30' 
here  given,  with  sufficient  accuracy 

Ae  =  177.65  -  0.885  T, 
in  which  T  is  degrees  F.  At  140**  F.  this  gives  A«  =  123.76.  while 
the  theoretical  table  gives  108.37,  a  difference  of  15.38  heat  units,  or  14 
per  cent.  It  is  probable,  therefore,  that  the  above  formula  gives  more 
accurate  results  than  formula  (r),  page  857  ;  and  this  would  diminish 
the  computed  volume  of  the  pound  of  vapor  in  Table  YII.  in  the  same 
ratio,  being  an  average  of  about  5  per  cent,  within  the  limits  for  which 
it  is  ordinarily  used  in  practice. 

The  equation  for  the  flow  of  steam  from  a  straight  uniform 
tube  of  large  diameter  into  a  straight  uniform  tube  of  small  diameter  is  : 


M^-^^)  =  «+-^'---^^+^*-^^+7(^^) 


(1) 


in  which  J  is  the  mechanical  equivalent  of  heat,  and  g  is  the  acceleration 
due  to  gravity  ;  Q  is  the  heat  given  to  the  steam  at  the  orifice  where  the 
small  tube  joins  the  large  one  ;  r,  is  the  velocity  in  the  large  tube  at  a  dis- 
tance from  the  orifice,  and  tb  the  velocity  in  the  small  tul)e  also  at  a  dis- 
tance from  the  orifice  ;  j),  and  pb  are  the  pressures  in  the  tubes  A  and  J?, 
p,  being  the  larger,  and  K  and  Ab  are  the  latent  heats  of  vaporization,  and 
9«  and  ^  the  heats  of  the  liquid  corresponding ;  x^,  is  the  part  of  one 
unit  of  weight  of  the  fluid  in  the  tube  A  which  is  dry  steam,  and  1  —  a*,  is 
the  part  which  is  water  mingled  with  the  steam  ;  xy,  is  the  corresponding 
quantity  for  the  tube  B  ;  d  the  weight  of  unity  of  volume  of  the  liquid. 

It  is  assumed  that  neither  tube  gives  heat  to  the  steam  or  receives  heat 
from  them,  and  that  the  friction  of  the  fluid  on  the  sides  of  the  wall  can  be 
neglected.  The  heat  Q  is  supposed  to  be  given  at  tlie  orifice ;  it  is  com- 
monly assumed  to  be  zero,  in  which  case  the  flow  is  said  to  he  adiabatic 

The  value  of  a  must  be  determined  by  experiment.  X),  can  then  be 
determined  by  the  equation  : 


«.r. 


+ 


f: 


ear  __  aj  rb 


+ 


J  t6 


T\tedT 


(2) 
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REFRIGERATING  MACHINE. 


TE8T  of  ▲  PULSOMETER  BT  0.  G.  AtWATEB  AND  ChABLEB  B.  H0DGB8, 

OF  THE  Class  of  '91,  Stevens  Inbtitdte,  under  the  supervision 
of  the  Department  of  Tests.  The  pump  was  taken  fiom  the  ordi- 
nary stock  of  machines  on  hand,  and  was  known  as  No.  6.  Tests 
were  for  three  hours  each. 


Data  and  Bksults. 


Strokes  per  minate    

Steam  preeeure  in  pipe  before  UirottUng,  lbs. 

*'     tetnperatare  after  throttling,  Deg.  F. . 

"     amount  of  soperheating,  D^.  F 

"     total  heat  of;  above  highest  tempera- 
ture of  water,  B.  T.  17 

*'     used  as  determined  from  temp.,  lbs . . . 
Water  pumped,  lbs 

^*     temp.,  before  entering  pump,  Deg.  F. 

**     temperature  after  leaving  pump,Deg  F. 

**  '*  riseof,  Deg.  F 

•*     beat  absorbed,  B.  T.  U7 

"     head  by  gauge  on  lift,  ft 

*•        '•    *'      '*       "  suction,  t: 

"    "      "       total(H) 

"        "     "  measure  on  lift 

**        "    "        "        "  suction 

"        "     "        "         total  (h) 

Bfflclency  of  pump  compared    with    total 

work,  (h)  ■*■  (H) 

Total  work  as  per  gauges,  ft.  lbs 

Efficiency  of  the  pulsometer ... 

"  "  plant  exclusive  of  boiler 

"          "      "     if  that  of  boiler  and  fur- 
nace be  0.7 

Duty  of  pump  per  100  lbs.  coal  if  1  lb.  evap- 
orates 8  lbs.  water 

Duty  if  1  lb.  coal  evaporates  10  lbs.  water 


NuxBKR  OF  Tax  Test. 


71. 
114. 

19. 
270.4 
8.1 

1116.07 

1617. 

404786. 

76.15 

79.62 

4  47 

ISl.'ili?. 
29.90 
12.96 
42.16 
258 
7.5 
828 

0.7r7 
16066886. 
0.012 
0.0098 

0.0065 

8409120. 
10511400. 


2 

8 

• 

60. 

67. 

110. 

127. 

90. 

48.8 

277.4 

809. 

8. 

17.4 

111t.44 

1127. 

921 

1518. 

180862. 

9»i4». 

80.6 

76.8 

86.1 

83  79 

5.5 

7.49 

1024993. 

1704498. 

r4.o. 

54.05 

19.2J 

19.67 

6i}.81 

78.« 

60.8 

608 

7.6 

16.8 

67.8 

66.6 

0877 

0.911 

128S5»10. 

167t)5192. 

0.0155 

0.0126 

0.0136 

0.0115 

0.0096 

0.0060 

10n2800. 

8847900. 

18891000 

11066600. 

64. 
104  J( 

26.1 

270.1 

1.4 

1121.2 

1019.9 

2l80b8. 
70  26 
74.8 
4.56 

1148627. 
29.9 
19  67 
49  57 
25w80 
16.80 
41.60 

0.689 
12273028. 
0.0188 
0.0116 

0.0061 

9629040. 
12096800. 


Of  the  two  tests  having  the  highest  lift  (54.05  ft.),  that  was  more  effi- 
cient which  had  the  smaller  suction  (12.26  ft.),  and  this  also  was  the  most 
efficient  of  all  the  tests.  But  in  tlie  other  two  tests  having  the  same 
lift  (29.9),  that  was  most  efficient  which  Jiad  the  greater  suction  (19.67). 
The  pressures  used,  19,  80,  43.8,  26.1,  were  made  to  follow  the  order  of 
total  heads,  but  are  not  proportional  thereto.  They  doubtless  have 
much  to  do  with  the  efficiency,  but  no  attempt  was  made  to  determine 
Uie  pressure  which  would  give  the  higliest  efficiency.  The  first  test 
compared  with  the  other  three  is  somewhat  paradoxical.  Thus,  it  is 
peculiar  that  a  pressure  of  19  pounds  of  steam  should  produce  a  greater 
number  of  strokes  and  pump  over  50  per  cent,  more  water  than  26.1 
pounds  of  steam,  the  lift  being  the  same. 
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Tbst  of  the  Nbw  Yokk  Utbia  Icb-Makikg  Plant,  by  A.  G. 
HuPFEL,  H.  E.  Gbiswold,  and  William  P.  Mackenzie,  fob 
Graduating  Thesis,  1893,  under  the  supervisioD  of  the  Department 
of  Tests  of  Stevens  Institute : 

Net  ice  made  per  pound  of  coal  in  pounds 7. 12 

Pounds  of  net  ice  per  hour  per  horse-power. 87.8 

Net  ice  manufactured  per  day  (12  hours)  in  tons 97 

Average  pressure  of  ammonia  gas  at  condenser  in  pounds  per 

square  inch  above  the  atmosphere. . . . , 185.2 

Average  back  pressure  of  ammonia  gas  in  pounds  per  square 

inch  above  the  atmospliere 15.8 

Average  temperature  of  brine  in  freezing  tanks  in  degrees 

Fahr 19.7 

Total  number  of  cans  filled  per  week 4,889 

Ratio  of  cooling  surface  of  coils  in  brine  tank  to  can  surface.  7  to  10 

Ratio  of  brine  in  tanks  to  water  in  cans 1  to  1 .2 

Ratio  of  circulating  water  at  condensers  to  distilled  water. .  .26  to  1 

Pounds  of  water  evaiK>rated  at  boilers  per  pound  of  coal 8.085 

Total  horse-power  developed  by  compressor  engines 444 

Percentage  of  ice  lost  in  removing  from  cans 2.2 

APFROXIICATE  DIVISION  OF  STEAM  IN  PER  CENTS.  OF  TOTAL  AMOUNT. 

Compressor  engines 60. 1 

Live  steam  admitted  directly  to  condensers 19.7 

Steam  for  pumps,  agitator  add  elevator  engines •      7.6 

Live  steam  for  reboiliug  distilled  water 6.5 

Steam  for  blowers  furnishing  draught  at  boilers 6.6 

Sprinklers  for  removing  ice  from  cans 0.5 

Exercises. 

1.  Required  the  specific  heat  of  air  at  500"*  F.  absolute,  the  path  being 
p  z=z  10  v(p,  pounds  per  square  foot ;  v,  volume  of  a  pound  in  cubic 
feet).  The  specific  heat  is  the  heat  absorbed  in  raising  one  pound  one 
degree. 

2.  If  the  equation  of  a  superheated  vapor  be  pv=:Rr  —  Cp^  (see 
p.  414) ;  required  the  heat  absorbed  at  the  constant  pressure  pi  in 
expanding  from  Vi  to  t^. 

8.  If  the  equation  of  the  gas  hepv  =  Rr and  of  the  path  of 

the  fluid,  p  =  mv-\-  n;  required  tlie  heat  absorbed  in  expanding  from 
state  Vi  t=  12,  pi  =  4000  to  state  «,  =  24,  pa  =  5000. 

4.  Find  the  internal  and  the  external  work  of  expanding  the  gas 
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p  V  =r  i2  r —^  at  the  constant  pressure  pi  from  Vi  to  Vi,  and  leave  the 

'^  TV' 

final  result  without  r. 

5.  Find  the  thermodynamic  function  for  the  gas  whose  equation  is 

pv  =  Er-'      „foT  isothermal  expansion. 

TV 

0.  Find  the  velocity  of  discharge  of  a  perfect  gas  from  an  orifice, 
the  temperature  remaining  constant.     Also  the  weight  per  second. 

7.  Write  a  formula  for  the  pressure  of  a  saturated  vapor  in  terms 
of  the  volume  of  a  pound. 

8.  Required  the  difference  in  the  elevation  of  two  stations  at  which 
water  boils  at  atmospheric  pressure  respectively  at  213**  F.  and  180"*  F. 

9.  A  vessel  containing  two  cubic  feet  of  fluid,  one-fourth  of  which 
by  weight  is  steam  and  the  remainder  water  ;  required  the  work  neces- 
sary to  compress  the  vapor  to  water — in  one  case  adiabiatically,  and  in 
another  isothermally. 

10.  A  frictionless  piston,  in  an  upright  cylinder,  rests  on  a  pound  of 
water.  Heat  is  absorbed  under  a  pressure  of  6  atmospheres  absolute 
until  the  piston  has  swept  over  two  cubic  feet,  then  expansion  is 
adiabatic  until  the  pressure  is  i-educed  to  two  atmospheres  absolute,  then 
compressed  isothermally  until  by  adiabatic  compression  the  vapor  will 
be  reduced  to  water  at  the  initial  pressure.  Required  (1)  the  heat  ab- 
sorbed ;  (d)  the  clearance ;  (8)  the  entire  stroke  of  the  piston  ;  (4)  the  heat 
emitted  during  compression  ;  (5)  the  work  done  in  the  cycle ;  (6)  the 
efficiency  of  the  cycle. 

11.  Find  difference  of  external  works  in  expanding  a  gas  adiabatl- 
cally  and  isothermally  from  t>j  to  2  «i. 

12.  Find  heat  absorbed  by  a  liquid  in  raising  the  temperature  from 
40"  to  200%  if  specific  heat  c  =  1  +  a  r».  If  c  =  1  -  « (r  -  T.).  If 
c  =  l  -a{T-  Tof. 

13.  What  is  the  specific  heat  of  a  gas  at  constant  temperature  ? 

14.  Find  the  thermodynamic  function  for  air  from  state  ri,  p,  to 
Ti,  73,,  independently  of  «. 

15.  A  single-acting  engine  (vertical)  has  one  pound  of  fluid  (water)  at 
the  lower  end,  on  which  rests  a  frictionless  piston.  By  the  absorption 
of  heat  the  piston  is  raised  against  an  absolute  pressure  of  9  atmospheres 
until  the  volume  swept  over  by  the  piston  is  twice  the  volume  of  the 
dry  saturated  vapor  at  that  pressure,  then  it  expands  adiabatically  as  a 
perfect  gas  until  the  pressure  is  reduced  to  8  atmospheres,  then  re- 
frigerated at  constant  volume  until  the  pressure  is  reduced  to  2  atmos- 
pheres, then  refrigerated  at  constant  pressure  until  the  volume  is  such 
that  when  compressed  adiabatically  it  will  be  reduced  to  a  liquid  at 
7  atmospheres,  and  its  temperature  then  raised  under  a  pressure  of 
9  atmospheres  to  the  initial  state. 
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Find: 

1.  Indicator  diagram. 

2.  Volume  at  the  beginning  of  adiabatic  expansion. 
8.  Degrees  of  superheating. 

4.  Volume  swept  over  by  the  pist<ML 
6.  Ratio  of  expansion. 

6.  Temperature  at  end  of  expansion. 

7.  Temperature  at  beginning  of  back  stroke, 

8.  Degrees  of  superheating  on  back  stroke. 

9.  Volume  at  end  of  refrigeration,  so  that  when  compressed  adia- 
baticallj  it  will  all   be  reduced  to  liquid  at  7  atmospheres. 

10.  Temperature  at  end  of  back  stroke  when  fluid  is  reduced  to 
water. 

11.  Clearance. 

12.  Work  done  in  the  cycle. 
18.  Mean  effective  pressure. 

14.  Mean  forward  pressure. 

15.  Heat  absorbed  in  the  cycle. 

16.  Heat  emitted. 

17.  Pounds  of  coal  necessary  to  supply  the  heat  for  100  cycles,  if 
each  pound  contains  14,500  heat  units. 

18.  Pounds  of  water  necessary  to  produce  the  refrigeration  for  100 
cycles— temperature  ranging  from  60"  to  80". 

19.  If  length  of  stroke  equals  diameter  of  cylinder,  find  diameter  of 
cylinder 

20.  The  pounds  of  water  necessary  to  develop  a  horse  power  if  piston 
speed  be  200  feet  per  minute. 

21.  The  pounds  of  coal  necessary  to  produce  the  horse  power  if  a 
pound  of  coal  has  1200  heat  units  and  the  efllciency  of  the  furnace  be 
0.70. 

16.  A  variety  of  exercises  may  be  made  similar  to  the  preceding.  We 
suggest  the  following  :  Let  the  volume  of  the  vapor  be  the  fraction  of  a 
pound.  Let  the  expansion  be  entirely  with  saturated  vapor  and  adia- 
batic. Let  it  be  the  curve  of  saturation,  or  a  straight  line  entirely 
within  the  curve  of  saturation,  or  entirely  without  (superheated) ;  or  a 
line  crossing  the  curve  of  saturation.  Let  the  indicator  card  be  entirely 
within  the  curve  of  saturation  and  bounded  by  any  assumed  lines. 

17.  A  pound  of  water  at  60"  P.  is  within  a  closed  vessel  containing 
two  cubic  feet ;  required  the  heat  absorbed  by  the  fluid  in  raising  its 
temperature  835"  P. 

From  pp.  146  and  147 : 

'  -  r  ' 
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Let 

V  =  Tolunte  of  mixture  of  liquid  and  vapor  =  9  cubic  feeC 
Vt  =  specific  Yolume  of  1  pound  vapor  (see  table). 
«i  =  specific  volume  of  liquid  =  0.017  nearly  for  water. 

Then, 

X  = =  (»  —  tJi) 


©1  —  Vi  a  —  Or 


•*-•»=      5*  V  (Eq.  (84)) ;  H.  ^  a -^  b  r. 


•»i 


(H) 


dx  =  ^ (I  ra  ;  a  «t  = 


fl;     5:  d  V  \d  r)) 


Reduce  and  find. 


JEr=C(r,-rO  +  (o-f,) 


^^ ITT     -*(""*'>)/     ^H — T 


KmTi 

dTi 


18.  If  gas  flows  from  one  vessel  into  another  through  a  short  pipe, 
what  must  be  the  cross-section  of  the  pipe  that  q  pounds  will  fk>w  ia  t 
seconds  at  constant  temperature  ? 

Let  Q  and  Q'  be  the  volumes  of  the  vessels,  k  the  section,  P'  and  p' 
the  initial  pressure,  P'  >  p\  Psxidp  the  pressures  at  time  t,  jt  the  co- 
efficient of  velocity,  Fthe  velocity  at  the  time  t,  and  to  the  weight  per 
cubic  foot. 

Then, 


dq=^  fikw  Vd  U 

PQ  +  pQf=-P'Q+P'Qf. 

tr  =  — P. 

Po 

J^P'Q^g^^l^PQ, 

Po  Po 

tt9  Q^ 


I 
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These  give 


;>o 


dt^ 


iog(i 


which  integrated  between  o  and  t  and  o  and  q  will  give  an  equation 
from  which  k  may  be  found. 

19.  Find  the  path  of  a  fluid  considered  as  a  perfect  gas  when  the  heat, 
absorbed  is  n  tiroes  the  work  done. 
.  Make  npdv  =  <2  jETin  equations  in  p.  50,  and  find 

pv  =  B(jBL  constant). 

Discuss  making  n.  =  1,  2,  5-9,  qo  .    What  value  of  n  makes  the  path' 
a  right  line? 

ftpeclflc  Heat  of  Aqua  Ammoiila* — The  mean  of  six  deter- 
minations by  Ludeking  and  Starr  gives  0.886  (Am.  Jour.  Arts  and  Sc). 
The  value  found  by  Hans  von  Strombuck  was  1.22876  (page  837), 
which  is  nearly  50  per  cent,  larger  than  the  above  value.  The  value 
found  by  theory  is  nearly  the  mean  of  the  two.  The  above  experi- 
inenters  inform  the  author  that  they  are  not  aware  of  any  error  in 
their  own  work,  neither  do  either  know  of  an  error  in  the  work  of 
the  other.  This  leaves  the  correct  value  in  doubt,  and  one  may  con-, 
aider  it  as  unity  until  determined  by  further  experiments. 
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TABLE  11. 

REDUCTION  TABLES. 

Conversion  of  Enolibh  and  Metric  Units. 

1  Foot  =  0.8048  metre. 

1  Litre  (vol.  of  1  kilog.  water)  =  0.2202  gal. 

1  Gallon  (vol.  of  10  lbs.  water)  =  4.541  litres. 

1  Kilogramme  per  sq.  mm.  =.  1422.28  lbs.  per  sq.  in.  

1  Lb.  per  sq.  inch  =  703.0958  kilog.  per  sq.  metre. 

1  Grain  =  0.0648  gram. 

1  Foot-pound  =  0.1388  metre-kilog. 

1  Atmosphere  r=  14.7  lbs.   per  sq.  in.  =  10884  kilog.  per  sq.  metre  = 

29.022  inches,  or  760  mm.  of  mercury  =  88.9  ft.,  or  10^  metres  of 

water. 
1  Pound  av.  =  0.4536  kilog. 

1  Calorie  (kilog.  wat«r  raised  1^  C.)  =  424 metre-kilog.  =  8.9688B.T.U. 
1  Eng.  heat  unit  (lb.  water  raised  V  F.)  =  778  ft.-lbs.  =  0.254 calorie. 

French  Measures  in  Equivalent  English  Measures. 

kbabure8  of  length. 

1  Millimetre  =  0.03937079  inch,  or  about  ^  inch. 
1  Centimetre  =  0.8987079  inch,  or  about  0.4  inch. 
1  Decimetre  =  8.987079  inches. 
1  Metre  =  39.37079  inches  =  8.28  feet  nearly. 

1  Kilometre  =  89870.79  inches.  . 

MEASURES  OF  AREA. 

1  sq.  decimetre  =  15.5006  sq.  inches. 

1  sq.  metre         =  1550.06  sq.  inches,  or  10.764  sq.  ft. 

MEASURES  OF  WEIGHT. 

1  Gramme    .     -  15.482849  grains. 

1  Kilogramme  =  15432.849  grains.  2.2046  lbs.,  or  2.2  lbs.  nearly. 

TWO  UNITS  INVOLVED. 

1  Gramme  per  sq.  centimetre        =  2.048098  lbs.  per  sq.  foot. 
1  Kilogramme  per  sq.  metre  =  0.2048098 

1  Kilogramme  per  sq.  millimetre  =  2.048098 
1  Kilogramme  metre  =  7.28814  ft.-lbs.  ' 

=  7i  ft.-lbs.  nearly. 
1  force  de  cheval  =  75  kilogrammetres  per  second,    or  542^  foot- 
pounds per  second  nearly.    1  horse-power  =  550  foot  pounds  per  second. 
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TABLE  in. 


Liquids  a»d  Solids. 


Weight  of  a  cu- 
bic foot  of  the 
subetance. 

Spedllc  Qrav- 

Ezpanfllon. 
—Liqnidfl 
per   unit  of 
volume,    So- 
lidA  per  unit 
of       length, 
from  88*  to 
ai8«  F. 

Speoiflc 
Heat. 

Water,  pure  (at  39M  F.). 

**     fiea,  ordinary 

Alcohol.  Dure 

w. 

62.425 
64.05 
49.38 
57.18 
44.70 
848.75 
52.94 
58.68   . 
57.12 
57.62 
54.81 
54,81 
57..*) 
487  to  538 

524 
537  to  556 

1186  to  1224 
444 
480 
712 

1311  to  1373 
655 
490 
462 
486 

S.  G. 

1.000 

1.026 

0.791 

0.916 

0.716 
13.596 

0.848 

0.940 

0.915 

0.923 

0.870 

0.878 

0.92 
7.8  to  8.5 

8.4 
8.6  to  8.9 
19  to  19.6 

7.11 

7.69 
11.4 

21  to  22 
10.5 

7.85 

7.4 

7.2 

E 
0.04775 
0.05 
0.1112 

•  •  • 

0.6i8153 

«   •  •  • 

0.08 
0.08 

•  •  •  • 

0.07 

«  •  •  • 

.00216 

.00181 

.00184 

.0015 

.0011 

.0012 

.0029 

.0009 

.002 

.0012 

.0022 

,00294 

C. 
1.000 

0.622 

**       proof  spirit 

Ether 

•  •  •   • 

0.517 

Mercury 

Naphtha ^. . 

Oil.  linseed 

0.033 

0.484 

'*    olive 

"    whale 

"    of  turpentine 

Petroleum 

. .  ■  • 
• .  •  • 
.434 

Ice 

.504 

Brass 

Bronze 

CoDDer  

•  •  ■  « 

•  •  •  • 

.0951 

Gold    

.0298 

Iron,  cast 

Iron,  wrouffht 

.1188 

Lead 

.0293 

Platinum   T.«».f. 

.0314 

Silver 

.0557 

Steel 

Tin 

.0514 

2«inc 

.0927 
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TABLE  IV. 

Properties  of  Oases  Considered  Perfect. 


I. 


Kah  op  tbb  Gab. 


Atmospheric  Air 

Oxygen 

Nitrogen 

Hydrogen 

Chlorine 

Bromine 

Nitric  Oxide 

Carbonic  Oxide 

Hydrochloric  Acid. . . 

Carbonic  Acid 

Nitric  Acid 

Steam 

Sulphuric  Acid 

Hydro-sulphuric  Acid 
Carbonic  Di-sulphidc. 

Carburelted  Hydrogen 

Chloroform 

Oleflant  Gas 

Ammonia  Gas 

Benzine 

Oil  of  Turpentine. . . . 

Wood  Spirit 

Alcohol    

Ether 

Ethyl  Sulphide 

Ethyl  Chloride 

Ethyl  Bromide 

Dutch  Liquid 

Aceton 

Butyric  Acid    

Tri  chloride  of  Silicon 
Trichloride  of  Phos-^ 
phorus ) 

Tri-chloride  of  Arsenic 
Tetra-chlorideof  Ti-I 
tanium f 

Tetra-ohloride  of  Tin . 


II. 


Chemical 
Compo- 
sition. 


in. 


O, 
N, 

H, 
CI, 
Br, 

NO 
CO 
HCl 

CO, 
N,  O 
H,  O 

SO, 
H,  S 
CS, 

CH4 

c  n  CI, 

C,H4 
XH, 

Ce  He 
Cio  Hie 

CH4  0 

C,  He  0 

C4  H,o  O 
C4  Hio  S 

C,  He  CI 

C,  He  Br 

C,  H.  CI, 
C,  He  O 

C4  He  O, 

Si  CI, 
PCl, 

As  CI, 
TiCl4 

SnCl4 


Density. 


1 

1.1056 

0.9713 

0.0692 
2.4502 
5.4772 

1.0884 
0.9673 
1.2596 

1.5201 
1.5241 
0.6219 

2.2113 
1.1747 
2.6258 

0.5627 
4.1244 
0.9672 

0.5894 
2.6942 
4.6978 

1.1055 
1.5890 
2.5573 

8.1101 
2.2269 
3.7058 

3.4174 
2.0036 
3.0400 

5.8833 

4.7464 

6.2667 
6.6402 

8.9654 


IV.    i      V. 

8peciflc  Heat  at 
Constant  Preeeure 


comDared 


ipai 
steh 


com- 
pared 
\olume 


VI   I    vn. 

Spedflc  Heat  at 
C  nstantVolume 


com- 
pared 
We 


Weight 

WelKht   'for  Vol- 1  Weight 
with       umewith    ^,|{]| 


eight 
for 


Water. 


0.2875 

0.21751 

0.24880 

3.40900 


Air. 


1 

1.013 

0.997 

0.993 


0.12099    1.248 
0.05552:  1.280 


0.2817 
0.2450 
0.1852 

0.2169 
0.2262 
0.4805 

0.1544 
0.2432 
0.1569 

0.5929 
0.1567 
0.4040 

0.5084 
0.3754 


1.013 
0.998 
0.982 

1.39 
1.45 
1.26 

1.44 
1.20 
1.74 

1.38 
2.72 
1.75 

1.26 
4.26 


0.5061  10.01 


0.4580 
0.4534 
0.4797 

0.4008 
0.2738 
0.1896 

0.2293 
0.4125 
0.4008 

0.1822 

0.1347 

0.1122 
0.1290 


2.13 
3.08 
5.16 

5.25 
2.57 
2.96 

3.30 
3.48 
5.13 

3.27 

2.69 

2.96 
3.61 


Water 

0.1689 
0.1551 
0.1727 

2.411 

0.0928 

0.0429 

0.1652 
0.1736 
0. 1304 

0.172 
0.181 
0.370 

0.123 
0.184 
0.131 

0.468 
0.140 
0.359 

0.393 
0.350 
0.491 


com- 
pared 

Volume 
for 

Volume 
with 
Air. 


0.0939  '  3.54 


0.395 
0.410 
0.453 

0.379 
0.243 
0.171 

0.209 
0.378 
0.378 

0.120 

0.120 

0.101 
0.119 

0.086 


I 


1 

1,018 

0.996 

0.990 
1.850 
1.895 

1  018 
0.997 
0.975 

1.56 
1.64 
1.86 

1.62 
1.29 
2.04 

1.54 
3.43 
2.06 

1.87 
5.60 
13.71 

2.60 

3.87 
6.87 

6.99 

3  21 
3.76 

4.24 
4.50 
6.82 

4  21 
3.39 

3.77 

4.67 

4.59 
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TABLES. 


TABLE  V. 

Saturated  Steak. 
p.  Pressure  per  square  inch. 
T,  Temperature  degrees  F.,  Eq.  (81),  page  97. 
«,  Volume  of  a  pound  of  saturated  steam  in  cubic  feet,  equation 
(84),  in  which  p  is  pounds  per  square  foot, 

Wy  Weight  of  a  cubic  foot  of  steam  =  —  • 

.  h,  The  heat  in  one  pound  of  liquid  above  32''  F.  in  thermal  units, 
equation  (7),  page  308.  The  values,  however,  are  the  direct  results  of 
Regnault's  experiments. 

A«.  The  latent  heat  of  evaporation  in  thermal  units,  equation  (10), 
page  409. 

h,  The  total  heat  of  steam  above  32*'  F.  being  equal  to  A  -f  ^^e. 

saturated  steam. 


p. 

T, 

«. 

w. 

0.089 
0.2 
1 

82.0 

54.0 

102.0 

8387. 

1482. 

335. 

0  00029 
0.00066 
0.00299 

5 
10 
15 

162.8 
198.2 
213.0 

73. 
38. 
26.2 

0.01866 
0.02621 
0.03826 

20 
25 
80 

228.0 
240.0 
250.8 

19.9 
16.1 
13.6 

0.05028 
0.06199 
0.07360 

85 
40 
45 

259.2 
267.1  , 
274.3 

11.8 

10.4 

9.8 

0.08508 
0.09644 
0.1077 

50 
55 
60 

280.9 
286.9 
292.5 

8.4 
7.7 
7.1 

0.1188 
0.1299 
0.1409 

65 

70 

75 

297.8 
302.7 
307.4 

6.6 

6.15 

6.70 

0.1519 
0. 1628 
0.1736 

80 
85 
90 

810.9 
816.2 
320.0 

6.49 

6.18 

4.858 

0.1843 
0.1951 
0.2058 

95 
100 
105 

823.9 
327.6 
831.1 

4.619 
4.403 
4.206 

0.2165 
0.2271 
0.2378 

iio 

115 
I20 

834.56 
837.86 
341.05 

4.026 
8.862 
3.711 

0.2488 
0.2589 
0.2695 

0.0 
22.1 
70.0 

180.7 
161.9 
181.8 

196.9 
209.1 
219.4 

228.4 
236.4 
243.6 

250.2 
256.8 
261.9 

267.2 
272.2 
276.9 

281.4 
285.8 
290.0 

294.0 
297.9 
301.6 

805.2 

308.7 
312.0 


1091.7 
1076.3 
1048.0 

1000.8 
979.0 
965.1 

954.6 
946.0 
938.9 

982.6 
927.0 
922.0 

917.4 
913.1 
909.3 

905.5 
902.1 
898.8 

895.6 
892.5 
889.6 

886.7 
884.0 
881.3 

878.8 
876.3 
874.0 


1091.7 
1098.4 
1118.1 

1181.5 
1140.9 
1146.9 

1151.6 
1155.1 
1158.8 

1161.0 
1163.4 
1166.6 

1167.6 
1169.4 
1171.2 

1172.7 

1174.8 

I  1175.7 

1  1177.0 

.  1178.8 

1179.6 

1180.7 
1181.9 
1182.9 

1184.0 
1186.0 
1186.0 
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SATURATED  ATE  AM- 

-  Continued. 

P' 

T. 

t?. 

to. 

A. 

Ae. 

1»« 

125 
180 
185 

344.13 
847.12 
850.08 

3.572 
3.444 
8.828 

0.2800 
0.2904 
0.3009 

816.2 
818.4 
821.4 

871.7 
869.4 
867.8 

1186.9 
1187.8 
1188.7 

140 
145 
150 

852.85 
855.59 
858.26 

8.212 
8.107 
8.011 

0.8113 
0.3218 
0.8321 

824.4 
827.2 
830.0 

865.1 
868.2 
861.0 

1189.6 
1190.4 
1191.2 

155 
160 
165 

860.86 
868.40 
865.88 

2.919 
2.888 
2.751 

0.8426 
0.a580 
0.3635 

882.7 
885.4 
838.0 

859  8 
857.4 
865.6 

1192.0 
1192.8 
1198.6 

170 
175 
IBO 

368.29 
370.65 
372.97 

2.676 
2.603 
2.585 

0.3787 
0.3841 
0.8945 

840.5 
8430 
845.4 

853.8 
852.0 
850.8 

1194.8 
1195.0 
1196.7 

185 
190 
105 

375.23 
877.44 
879.61 

2.470 
2.408 
2.849 

0.4049 
0.4163 
0.4257 

847.8 
850.1 
852.4 

848.6 
847.0 
845.8 

1196.4 
1197.1 
1197.7 

200 
205 
210 

381.73 
883.82 

885.87 

2.294 
2.241 
2.190 

0.4359 
0.4461 
0.4565 

854.6 
856.8 
858.9 

848.8 
842.2 
840.7 

1198.4 
1199.0 
1199.6 

215 
220 
225 

387.88 
389.84 
391.79 

2.142 
2.096 
2.051 

0.4669 
0.4772 
0.4876 

861.0 
868  0 
865.1 

889.2 
837.8 
886.8 

1200.2 
1200.8 
1201.4 

230 
235 
240 

393.69 
895.56 
897.41 

2.009 
1.968 
1.928 

0.4979 

0.5082 
0.5186 

867.1 
369.0 
871.0 

884.9 
888.6 
882.2 

1202.0. 
1202.6 
1208.2 

245 
250 
255 

899.21 
400.99 
402.74 

1.891 
1.854 
1.819 

0.5289 
0.5398 
0.5496 

872.8 
874.4 
876.5 

880.9 
829.5 

828.3 

1203.7 
1204.2 
1204.8 

260 
265 

270 

404.47 
406.17 
407  85 

1.785 
1.753 
1.722 

0.5601 
0.5705 
0.5809 

878.4 
880.2 
881.9 

826.9 
825.6 

824.4 

1206.8 
1205.8 
1206.3 

275 

280 
285 

409.50 
411.12 
412.72 

1.691 
1.662 
1.634 

0.5913 
0.6020 
0.612 

883.6 
385.3 
887.0 

823.2 

821.8 
820.6 

1206.8 
1207.1 
1207.6 

200 
295 
300 

414.32 
415.87 
417.42 

1.607 
1.580 
1.554 

0.622 
0.633 
0.644 

388.6 
890.3 
891.9 

819.5 
818.3 
817.2 

1208.1 
1208.6 
1209.1 

305 
810 
815 

418.92 
420.42 
421.92 

1.529 
1.505 
1.481 

0.654 
0.664 
0.675 

898.5 
895.0 
396.6 

816.1 
815.1 
814.0 

1209.6 
1210.1 
1210.6 

820 
825 
830 

428  37 

424.82 
426.24 

1  459 
1.437 
1.415 

0.685 
0.696 
0.707 

398.1 
399.6 
401.1 

813.0 
811.7 
810.6 

1211.1 
1211.8 
1211.7 

335 

427.64 

1.895 

0.717 

402.6 

809.6 

1212.1 
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Ammonia,  satarated,  table  of 406 
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Flow  of  gases 81 

**     •'  steam 448 

Fluid,  circulating 824 
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Fuels,  heat  of  combaetion  of '..  484 

Fonction,  Camors 42 
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''   latent  heat  of  fusion  of 89 

"  makingplant 468 

"  melting  point  of 91 

"  specific  gravity  of 486 

Impo^ect  fluids 18,85-158 

"         gas 18,386 

Indicator  diagram 20 

**  *'     from  compressor. .. .  850 
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"     theoryof 280 
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"       "    of  evaporation. 94. 111,406,418 

•*       "     ''expansion ^  88, 86,  127 

»*       "     "fusion 88 
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"      thermal 18,  897 

Liquefaction,  effect  of  pressure  on. . . .  419 
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STEAM-ENGINES,  BOILERS,  Etc. 

Stationary — Marine— Locomotive— Gas  Engines,  Etc. 


THEOB7  OF  STEAM-ENGINE. 

Translated  from  the  fourth  edition  of  Weisbach's  MechanioB, 
by  A.  Jay  Du  Bois.  Containing  notes  giving  practical  examples 
of    Stationary,   Marine,  and    Locomotive    Engines,    showing 
American  practice,  by  R.  H.  Buel.    Numerous  il lustration?. 
Second  edition 8vo,  cloth,  $6  00 

A  MANUAIi  OF  THE  STEAM-ENGINE. 

By  Prof.  Robert  H.  Thurston. 

Part  I.    StruotTire  and  Theory. 

History  of  the  Steam-engine.  Structure  of  Modem  Engines. 
Philosophy  of  the  steam-engine.  Thermodynamics  of  Gases 
and  Vapors.  Theory  of  the  Steam  engine.  Ck>mpounding ; 
Jacketing;  Superheating.  Efficiencies  of  the  Steam-engine. 
Second  edition. 

**  We  know  of  no  other  work  on  the  Steam-engine  which  fills  the  field 
which  this  work  attempts,  and  it  therefore  will  prove  a  valnable  addition 
to  any  steam -engineer's  Wbnry.^^—Bnffineering  and  Mining  Journal. 

Fart  IL    Design,  Oonstruotioiiy  Operation, 

Design  of  the  Steam-engine.  Valves  and  Valve  Motions. 
Regulation;  Goyemors;  Fly-wheels;  Inertia  Effects  Con- 
struction  and  Erection.  Operation ;  Care  and  Management. 
Engine  and  Boiler  Trials.  Specifications  and  Contracts.  Fi- 
nance ;  Costs  and  Estimates. 

"  In  Part  I.  already  published,  Mr.  Thurston  ezhaustively  considered  the 
theory  of  the  subject,  and  in  this  volume  he  as  fully  and  carefully  treats  of 
the  practice  of  the  design,  construction  and  operation  of  steam-engines. 
This  is  essentially  a  book  for  the  engine- builder,  for  the  office  of  the  work- 
shop. It  is  sufflcieni  to  say  that  the  whole  subject  is  treated  with  the 
thoroughness  and  scientific  and  practical  detail  that  one  would  expect 
from  its  well-known  author.*'— iSh{^7ie0rin^  New. 

"  I  have  recently  received  your  beautiful  second  volume  of  •  The  Steam- 
engine.'  which  does  no  injustice  to  the  trsW^—From  letter  writUn  by 
MoN.  V.  Dwelshauvers-Dbry,  Fib.  94. 

Each  part  8vo.      900  pages,  $7.50;    or  two  parts  at  once,  12  00 

REFIiECTIONS  ON  THE  MOTIVE  POWEB  OF  HEAT, 

And  on  Machines  Pitted  to  Develop  that  Power.  From  the 
original  French  of  N.  L.  S.  Camot,  by  Prof.  R.  H.  Thurston. 

12mo,  cloth,    2  00 

From  Mons.  Haton  de  la  Goupillldre,  Director  of  the  EcoU  NalionaU 
Supfyiiure  dee  Minee  de  France^  and  President  of  La  SociitS  d^ Encourage- 
ment pour  FInduetrie  Rationale  :— 

"  I  have  received  the  volume  so  kindly  sent  me,  which  contains  the  trans* 
lation  of  the  work  of  Camot.  Yon  have  rendered  tribute  to  the  founder  of 
the  science  of  thermodvnamics  in  a  manner  that  will  be  appreciated  by  the 
whole  French  people.^^ 
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THE  PRINCIPLES  OF  THEBMO-DYNAMIOS. 

With  Special  Applications  to  Hot- Air,  Gas  and  Steam-engines. 
By  Robert  R^ntgen.  With  additions  from  Profs.  Verdet,  Zeu- 
ner,  and  Pemolet.  Translated,  newly  and  thoroughly  revised 
and  enlarged,  by  Prof.  A.  Jay  Da  Bois,  of  Sheffield  Scientific 

School.     1888.    782  pages.     Third  edition 8vo,  cloth,  $5  00 

*^  Very  considerable  additions  hare  been  made  to  the  present  edition. 
The  application  of  the  Calcolns  to  the  sabjecc  baf>  been  given  with  snfficient 
fullness,  in  the  shape  of  additions  to  Chapter  VI F.,  pi^e  206,  and  Chapter 


XVIII.,  page  462.  All  examples  and  formulse  are  given  thronghont  the 
work  In  ooth  French  and  English  nnlta,  and  the  Steam  Tables  of  Zenner 
are  given  complete,  botti  in  their  original  French  units,  and  also  rednced 


throughoat  to  English  units.    Many  new  examples  have  been  added/' 

^Preface. 

THEBMO-DYITAMICS    OF    THE    STEAM  ENGINE 
AND  OTHEB  HEAT  ENGINES. 

By  Prof.  C.  H.  Peabody,  Massachusetts  Institute  of  Technology. 

Third  edition 8vo,    6  00 

**An  elaborate  and  valuable  work,  liberally  illustrated  and  admirably 
indexed.  It  can  hardly  fail  to  be  accorded  the  position  of  a  standard 
authority,  as  well  as  a  useful  text-book  for  students. **-~ifecAaniai/  N€U)9. 

THEBMO-DYNAMICS,   HEAT  MOTORS,   AND   BE- 
FBIGEBATING  MACHINES. 

By  Prof.  De  Volson  Wood.     Sixth  edition,  revised  and  en- 

larged 8vo,  cloth,    4  00 

'•  Prof.  M.  E.  CooLET,  of  the  University  of  Michigan,  says  of  It :  "I  feel 
that  now  we  have  a  modem  work  suitable  for  a  text-book,  covering  an  im- 
portant field,  a  field  which  has  not  been  before  in  shape  for  students." 

THE  STEAM-ENGINE  CATECHISM. 

A  Series  of  direct  practical  answers  ^  direct  practical  ques- 
tions, mainly  intended  for  young  engineers,  and  for  examin- 
ation questions.    By  Robert  Qrimshaw.  18mo,  cloth,    2  00 

'*Not  only  young  Engineers,  but  all  who  desire  mdiraental  and  practical 
instruction  in  the  science  of  ^team  Engineering  will  find  profit  in  reading 
the  *  Steam-engine  Catechism  '  by  Robt.  Grlmi«havy."— ilffcAcntco/  News. 
**  It  deserves  a  place  in  every  young  engineer's  book-case." 

—EkigiMering  (London.) 

ENGINE  BUNNEB'S  CATECHISM. 

By  Rol)ert  Qrimshaw 18mo,    2  00 

'*This  is  the  most  useful  of  all  the  Grlmshaw  Catechisms ;  there  is  little 
if  anything  new  in  it,  but  it  illustrates,  describes  and  explains  the  pecn- 
liariiies  of  all  the  well-known  stationary  engines  used  in  this  country.  For 
young  engineers  or  men  in  charge  of  strange  designs  of  engines  or  isolated 
plans  it  contains  a  great  deal  of  useful  infonnation  about  the  adjustment  of 
the  valve  gear,  etc.,  and  the  care  of  the  engine.  It  is  something  better  than 
a  bound  and  indexed  collection  of  engine  ouilders*  catalogues,  for  it  treats 
more  of  the  things  the  man  in  chareo  wants  to  know,  instead  of  what  the 
buyer  wants  to  know."— Zooomo^irtf  Engineering, 

THE  PBAOTIOAIi  CATECHISM. 

A  Series  of  Direct  Practical  Questions  and  Answers  on  Subjects 

Connected  with  Engineering.     By  Robert  Grimshaw. 

18mo,  cloth,  1  25 
*'  The  many  sources  from  which  this  matter  has  been  obtained,  most  give 
it  vrtinc,  and  the  occasions  and  opportunities  for  securing  it  being  rare  and 
fruitful,  must  add  to  and  greatly  reinforce  that  value.  Out  of  the  great 
mass  of  material,  a  judicious  selection  has  been  made,  such  as  would 
benefit  the  largest  number  of  practical  men ;  to  this  class  of  readers  the 
author  commends  his  work,  and  the  reviewer  f>econd8  his  invitation  to  the 
feast  of  facts,  which  he  has  prepared  and  set  forth  in  this  little  volnme.** 

—J.  H.  C.  (Journal  qfFrankiin  In&tUuU,) 
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STATIONABY  STEAM-ENGINES. 

Especially  adapted  to  Electric  Lighting  PurpoBOS.  Treating 
of  the  Development  of  Steanoi-engines — The  Principles  of  Con- 
struction and  Economy,  with  description  of  Moderate  Speed 
and  High  Speed  Engines.  By  Prof.  R.  H.  Thurston.  Fifth 
edition 12mo,  cloth,  |1  60 

^  This  work  mast  prove  to  be  of  great  interest  to  both  manafacturera  and 
users  of  steam -eDgine8."—.Bti<Zc2«r  and  Wood  Worker. 

A  HAND-BOOK  OF  ENGINE  AND  BOILEB 
TBIALS,  AND  THE  USE  OF  THE  INDICATOB 
AND  THE  BRATTR. 

By  R.  H.  Thurston,  Director  of  Sibley  College,  Cornell  Uni- 
versiiy.    Second  edition,  revised 5  00 

**  Taken  altogether,  thi^  book  is  one  which  every  Enzineer  will  find  of 
value,  containins,  as  it  does,  much  in  formation  in  regard  to  Engine  and 
Boiler  Trials  which  has  heretofore  been  available  only  in  the  form  of 
scattered  papers  in  the  trHnsactions  of  engineering  societies,  pamphlet  re- 
ports, note-books,  etc.'*— iZaiirood  OazetU, 

DEVEI.OPMENT  OF  THE  FHIIiOSOPHY  OF  THE 
STEAM-ENGINE. 

By  Prof.  R.  H.  Thurston 18ino,  cloth,     0  76 

"  This  small  book  of  forty-eight  pages,  prepared  with  the  care  and  pre- 
cision one  would  expect  from  the  scholarly  director  of  the  Sibley  College 
of  Eneiueering,  contains  all  the  popular  information  that  the  general  student 
would  want,  and  ht  the  i!*ame  timu  a  succinct  account  covering  so  much 
ground  as  to  be  of  great  value  to  the  specialist."— A^&fic  Opinion, 


STEAM-ENGINE  DESIGN. 

For  the  use  of  Mechanical  Engineers,  Students,  and  Draughis- 
xnen.  By  Prof.  J.  M.  Whitham.  Numerous  illustrations. 
Full-page  and  ioldmf^  plates.    Second  ed.,  revised.  8vo,  cloth,    6  00 

*' Professor  Whitham's  work  is  an  admirable  one  of  its  kind;  the  range  of 
subjects  and  detail  embraced  is  wide,  and  the  illustrations  excellent,  it  is 
a  compendiou8  work,  useful  for  reference  on  all  occasions."— 7^  BhuQinMr. 

*' There  are  many  works  on  the  steam-engine,  and  many  excellent  ones,  as 
might  be  expected.  To  say,  then,  that  this  volume  is  in  the  first  rank  of  ita 
CASS  is  expressing  a  high  o^Xnion.^^— Engineering  and  Mining  Journal. 

INDICATOB    PBACTICE    AND    STEAM-ENGINE 
ECONOMY. 

With  Plain  Directions  for  Attaching  the  Indicator,  Taking 
Diagrams,  Computing  the  Horse-power,  Drawing^  the  Theo- 
retical Curve,  Calculating  Steam  Consumption,  Determining 
Economy,  Locating  Derangement  of  Valves,  and  making  all 
desired  deductions;  also.  Tables  required  in  making  the  neces- 
cessary  computations,  and  an  Outline  of  Cuurent  Practice  in 
Testing  Steam-engines  and  Boilers.  By  FraniL  F.  Hemenway, 
Associate  Editor  "American  Machinist,"  Member  American 
Society  Mechanical  Engineers,  etc.     Sixth  edition. 

12mo,  cloth,    2  00 

Adopted  as  a  Test-book  in  Stevens  Institute  of  Technology. 

**  The  most  Interesting  book  on  Steam -engineering  that  wo  have  ever 
read."— A^o/ionoi  Car  and  Locomotiw  Builder. 
"  Should  be  in  the  hands  of  every  engineer."— Engineering  News. 

*'  Must  be  a  boon  to  the  every-day  engineer  who  is  seeking  informa- 
tion/'—5an</ary  Engineer. 
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OOKSTBXTCnVE  STBAM-ENGIN^BEBIN^a. 

A  Descriptive  Treatise  on  GoDstructive  Steam  Engineering, 
embracing  Engines,  Pumps  and  Boilers,  and  their  Acceseories 
and  Appendages.  By  Jay  M.  Whitbam,  M.E.,  C.E.  Tbor- 
oupflily  illustrated  ^ith  795  illiistrations,  many  full-page  and 
twenty-two  folding  plates 908  pages,  8vo,  cloth,  $10  00 

TWENTY  YEARS  WITH  THE  UTOICATOB. 

Being  a  Practical  I'ext-Book  for  the  Engineer  or  the  Student, 
with  no  complex  formulae,  and  with  many  Rules  as  to  the  best 
way  to  run  any  Steam-engine  to  ^et  the  Most  Economic 
Results — How  to  Adjust  Valves  and  Valve  Motions,  witli 
Directions  for  Working  up  Horse-power — Amount  of  Steam  or 
Water  per  Horse-power — Economy  of  Fuel — Directions  for 
Attachin^r  the  Indicator — Motions  to  Use  and  Not  to  Use— 
How  to  Compute  by  Planimeter  or  Without,  etc.,  etc.  By 
Thomas  Pray,  Jr.,  Consulting  and  Constructing  and  Civil  and 
Mechanical  Engineer,  etc.,  etc.  Tenth  thousand  (1892). 
Newly  arranged  and  complete  in  one  volume. .  Royal  8vo,  cloth,    2  60 

*'  It  is  a  Tery  thorough  work,  and  appears  to  be  amply  snfficfent  for  the 
gaidance  of  the  practical  engineer  ana  the  information  of  the  intelligent 
engine-bailder  or  the  msinutactHTeT.'''-^Scien^  American. 


TABLES  OF  THE   PBOPEBTIES  OF  SATURATED 
STEAM  AND  OTHEB  VAPOBS. 

By  Cecil  H.  Peabody,  Ass't  Prof,  of  iBteam -engineering  in  the 

Mass.  Institute  of  Technology.     Sixth  edition 8vo,  cloth,    100 

"The  title  of  this  volume  clearly  fiidicaiee  the  character  of  its  contents. 
It  is  complete,  convenient  and  cheap,  and  is  well  adapted  to  the  needs  of 
engineers  and  technical  students,  for  whom  it  was  prepared.'^— Sngineering 
News. 

VALVE  GEABS. 

By  H.  W.  Spangler,  U.8.N.,  and  Professor  of  Mechanical 
Engineerinpr,  University  of  Pennsylvania.     Second  edition. 

8vo,  cloth,     2  60 
To  the  second  edition  a  chapter  on  the  mathematical  demon* 
stration  of  the  Hamilton-Corliss  Valve  Qear  has  been  added. 

VALVE  GEABS  FOB  THE  STEAM-ENGINE. 

By  Prof.  C.  U.  Peabody,  Institute  of  Technology,  Boston, 
Mass.  Analysis  by  the  Zeuner- Valve  Diagram ....  8vo,  cloth,  2  60 
This  book  is  intended  to  give  engineering  students  instruction 
in  the  theory  and  practice  of  designing  valve  gears  for  steam- 
engines.  With  the  vast  number  of  valves  and  gears  in  use 
at  the  present  time,  an  exhaustive  treatment  in  a  text-book 
appears  out  of  place ;  the  author's  aim  is  rather  to  give  the 
bearer  a  firm  grasp  of  the  principles  and  some  facility  in  their' 
application.     Each  type  discussed  is  illustrated  by  one  or  more 

examples  selected  from  good  practice. 

Contents:  Plain  Slide-Valve,  Shifting  Eccentrics,  Link  Motions,  Radical 
Valve-Gears,  Double  Valve-Gears,  Drop  Cui-off  Valve-Gears. 

MABINE  ENGINES  AND  DREDGING  MACHINERY. 

Showing  the  latest  and  best  English  and  American  Practice. 
By  Wm.  H.  Maw.  Illustrated  by  over  160  fine  steel  plates, 
(mostly  two- page  illustrations),  of  the  engines  of  the  leading 
screw  steamships  of  England  and  other  nations,  and  295  fine 

wood  engravings  in  text Folio,  half  morocco,  18  00 

**  A  superb  volume." 
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TABLES.  WITH  EXPLANATIONS,  BELATING  to  the 
NON-CONDENSING  STATIONABY  STEAM- 
ENGINE,  and  of  HIGH-PBESSUBE  STEAM- 
BOHiEBS. 

By  W.  P.  Trowbridge.    Plates 4to,  paper  boards,  $2  60 

A  MANUAL  OF  BTEAM-BOILEBB,  THEIB  DE- 
SIGNS, CONSTBUCTION,  AND  OPEBATION. 

For  Technical  Schools  and  Engineers.  By  Prof.  B.  H.  Thur- 
ston.    (188  engravings  in  text.)    Fourth  edition.    8vo,  cloth,    6  00 

**  We  know  of  no  other  treatise  on  this  tabject  that  covers  the  groand  so 
thoroughly  as  this,  and  it  has  the  farther  ohvfoas  adyantage  of  being  a  new 
and  fresh  work,  based  on  the  most  recent  data  and  cognicant  of  the  latest 
discoveries  and  devices  in  steam-boiler  conBtractXon.''^— Mechanical  News, 

8TEAM-BOILEB  EXPLOSIONS  IN  THEOBY  AND 
IN  PBAOTICE. 

By  B.  H.  Thurston,  M.A.,  Doc.  Enpr.,  Director  of  Sibley  Col- 
lege, Cornell  UniTersity.  Containing  Causes  of — Preventives 
—-Emergencies — Low  Water — Consequences — Management — 
Safety — Incrustation — Experimental  Investigations,  etc.,  etc., 
etc.     With  many  illustrations.     Second  edition.    12mo,  cloth,     1  60 

'*  It  ii<  a  work  that  mieht  well  be  in  the  hands  of  every  one  having  to 
do  with  steam-boUeri*.  either  in  design  or  use  ^^—Enffiruerino  News. 

BOHiEB  MAKING  FOB  BOILEB  MAEEBS. 

A  Practical  Treatise  on  work  in  the  Shop,  showing  the  best 
Methods  of  Riveting,  Bracing  and  Staying,  Punching,  Drilling, 
Smelting,  etc.,  and  the  most  economical  manner  of  obtaining 
the  best  quality  of  Output  at  the  least  expense  By  W.  H. 
Ford,  M.E.     Third  edition ISmo,  cloth,    1  00 

*'  This  is  a  handy  volame  containing  Jnst  the  informntion  needed  by 
students,  designers,  and  foreman  in  charge  of  v/ork/'—MedianiC'd  Engineer. 

**  It  cannot  fail  to  be  an  extremely  valaable  assistant  to  the  young  boiler 
mtJieT.'^—Sckn^fic  American. 

A  TBEATISE  ON  STEAM-BOILEBS. 

Their  Strength,  Construction  and  Economical  Working.  Bv 
Robert  Wilson,  C.E.  Enlarged  and  Illustrated  from  the  Fifth 
English  Edition  by  J.  J.  Flather.  Pli.B.,  Lebigb  University. 
108  fine  illustrations,  tables,  etc.    Third  edition. .  .12mo,  cloth.    2  50 

*'  WiNon^B  work  on  steam-boilers  has  become  standard  amongst  practical 
men  both  here  and  in  England.  The  original  work  has  been  slightly  altered 
by  the  American  author  with  Mr.  Wilson's  permi»t«Ion  is  very  complete 
and  one  that  can  be  recommended.  '*    American  Machinist. 

STEAM  HEATING  FOB  BUILDINGS  ; 

Or,  Hints  to  Steam  Fitters.  Being  a  description  of  Steam 
Heating  Apparatus  for  Warming  and  Ventilating  Private 
Houses  and  Large  Buildings,  with  Remarks  on  Steam,  Water, 
and  Air  in  their  Relations  to  Heating.  To  which  are  added 
useful  miscellaneous  Tables.  By  Wm.  J.  Baldwin.  Thirteenth 
edition.     With  many  illustrative  plates 12mo,  olotb,     2  60 

*'Mr.  Baldwin  has  supplied  a  want  long  felt  for  a  practical  work  on  Heat- 
ing and  Heating  Ap:)arai  us. *'—^ni(ary  Engineer. 
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BEPOBT  OF  A  SSBIES  OF  TBIALS  OF  WABM 
BLAST  AFPABATUS  FOB  TBANSFEBBING 
A  PABT  OF  THE  HEAT  OF  ESCAPING  FLUE 
GASES  TO  THE  FUBNACE. 

A  complete  record  of  a  carefully  conducted  series  of  trials, 
with  many  tables,  illustrations,  etc.    By  J.  C.  Hoadley. 

Second  edition.     1  yol.,  8vo,  cloth,  $1  60 

LOCOMOTIVE-ENGINE  BUNNING  AND  HAN- 
AGEMENT. 

A  practical  Treatise  on  Locomotive  En^nes,  showing  their 
performance  in  running  different  kinds  of  trains  with 
economy  and  dispatch.  Also,  directions  regarding  the  care, 
management,  and  repairs  of  Locomotives  and  all  their  con- 
nections. By  Angus  Sinclair,  M.E.  Illustrated  by  numerous 
engravings.      Twentieth  edition,  seventeenth  thousand. 

12mo,  cloth,    2  00 

"  Altogether  it  is  a  very  comprehensive  and  thoroaghly  practical  book.**~ 
American  MerchaiU. 

*'  The  more  It  is  stadled  and  used  the  more  thoroughly  it  will  be  appre- 
cUted/'-AWtono/  Oar  Builder. 

**IC  should  be  in  the  hands  of  erery  Locomotive  runner  and  fireman."— 
BaUroad  OautU. 

THE    GAS   ENGINE. 

History  and  Practical  Working.     By  Dugald  Clerk.    With  100 

illustrations.     Third  edition 12mo,  cloth,    2  00 

*'  I  should  say.  as  the  result  of  this  first  examination,  that  it  is  the  most 
satisfactory  tTeatii*e  on  the  vubject  that  I  have  yet  seen."— Prof.  R.  H. 
Tbukston,  Sibley  OoUegt^  Cornell  University. 

•  TBAN8ACTIONS  OF  MABINE  AND  NAVAIi  EN- 
GINEEBING  AND  NAVAL  ABCHITBOTUBE, 
CONSISTING  OE  FAFEB8  PBESENTED  AT 
WOBIiD'S  COLUMBIAN  EXPOSITION. 

Translated  and  edited  under  the  supervision  of  Commodore 
Geo.  W.  Melville.  Engineer-in-Chief,  U.S.N. 

Among  the  distinguished  authors  represented :  Sir  Nathaniel 
Bamaby,  late  Director  of  Naval  Construction,  British  Navy ; 
Henry  Benbow,  D.S.O.,  Chief  Inspector  of  Machinenr,  British 
Navy ;  Prof.  J.  Harvard  Biles,  Professor  Naval  Architecture, 
University  of  Glasgow  ;  Casimiro  de  Bona,  Inspector-General 
of  Engineers,  Spanish  Navy;  Prof.  Carl  Busley,  German 
Naval  Academy,  Kiel ;  Nelson  Foley,  Naples ;  James  Howden, 
Prof.  Andrew  Jamieson,  Benj.  Martell,  Chief  Surveyor  of 
Lloyd's  Register ;  Kerr  Fred.  L.  Middendorf,  German  Lloyds ; 
Signor  G.  Migliardi,  late  of  Italian  Navy ;  W.  J.  Millar, 
Rodolfo  Poll,  Chioggia,  Italy;  O.  Schlick,  Bureau  Veritas, 
Hambursr ;  A.  E.  Seaton ;  Col.  Nabor  Soliani,  Italian  Navy ; 
W.  H.  White,  Carl  Ziese,  Schichau  Works ;  J.  Beavor  Webb, 
William  Cowles,  E.  S.  Cramp,  Prof.  J.  E.  Denton,  George 
W.  Dickie,  Cliarles  M.  Everest,  Robert  Forsyth,  Warren  B. 
Hill,  James  E.  Howard,  B.  F.  Isherwood,  E.  Piatt  Stratton, 
N.  P.  Towne,  and  many  others.  800  pages,  8vo,  cloth,  200 
iUustrations  and  folding  plates 10  00 


STEAM-ENGINES,  BOILERS,  Etc. 


MODERN  LOCOMOTIVE  CONSTBUCTION. 

With  maoy  illostrationa.    Bj  J.  G.  A.  Mey^er,  AesocUte  Editor 

of  the  "American  Machinist." 4to,  cloth, $10  00 

CoMTSNTs :  Classification  of  Locomotives,  Train  Resistance,  Tractive 
Force,  Weight  of  Bnfi;tne8,  Constraction  of  Cylinders,  Steam-Pipes,  Slide 
Valves,  Valve- Oear,  Constraction  of  Links,  Construction  of  Pistons,  Cross- 
Heads,  Slides,  Stufling-Bozes,  Frames,  Axle- Boxes,  Driving- Axles,  Driving- 
Wheels,  Counterbalance,  Main  Rods,  Side  Rods,  Crank  nns.  Throttle- Pipes, 
Throttle  Valve-Gear,  Safety-Valves, Whistles,  Pumps,  Checks,  Spring-Gear, 
Boilers,  Grate  Surface,  Heating  Surface,  Riveted  Joints,  £ztenston  Fronts, 
Aeh-Pans,  Smoke  Stacks,  Exhaust- Pipes.  Sand-Boxes,  Bells,  Pilots.  Braces 
from  Boiler  to  Frames,  Engine-Trucks,  Oil-Cups,  Cocks,  Injectors,  Tenders, 
Useful  Rules,  Formulas  ami  Data,  Compound-Engines. 

"The  book  will  become  a  standard  and  remain  so  until  the  form  of  the 
modem  locomotive  shall  have  been  radically  changed/* 

IiOCOMOTIVE  MECHANISM  AND  ENGINEEBINa 

By  H.  G.  Reagan.  JBzplaining  Fully  and  Clearly  the  Con- 
straction and  Action  of  Simple  and  Compound  Locomotivee. 
Illustrating  the  principal  **  break-downs  which  happen  to  a 
Locomotive,  with  Complete  Directions  what  should  be  done 
when  one  occurs  "  on  the  road.*'  QnoBtions  and  Answers  are 
so  arranged  that  they  can  be  used  by  Master  Mechanics  or 
Traveling  Engineers,  or  by  the  Demonstrator  in  the  Lodge 
Room.     145  illustrations.     800  pages 12mo,  cloth,    2  00 


Published  and  for  sale  by. 

JOHN    WILEY    &    SONS, 

53  E.  lOth  St.,  New  York. 


